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THESIS ABSTRACT 
 
Cyanobacteria are well known producers of natural products, many of which display bioactivities 
with potential pharmaceutical interest. Cyanobacteria are classified into five subsections based on their 
morphology, of which the Subsection V are considered to be the most morphologically advanced. 
Recent genome sequencing projects have led to an increase in the number of publically available 
Subsection V cyanobacterial genomes, however, the secondary metabolite potential of the majority of 
these organisms remains elusive. The overall aim of this thesis was to increase the knowledge of the 
secondary metabolite potential of the Subsection V cyanobacteria, through identification and 
characterisation of natural product biosynthetic gene clusters from whole genome sequences. This 
thesis builds upon the recent identification and characterisation of the ambiguine (amb) and 
welwitindolinone (wel) biosynthetic gene clusters, as well as the identification of NRPS/PKS, PRPS 
and terpene biosynthetic gene clusters from publically available Subsection V cyanobacterial 
genomes. The aim of this thesis was to demonstrate the diversity and potential of the Subsection V 
cyanobacteria to produce secondary metabolites from a range of natural product classes. Furthermore, 
the aim of this thesis was to characterise the early stages of hapalindole biosynthesis through 
heterologous expression, and characterise the expression of the mycosporine-like amino acid (MAA) 
gene cluster under UV-A and UV-B radiation.   
Genome mining for all classes of natural products was performed within the 11 publically available 
Subsection V cyanobacteria, in addition to two cyanobacterial genomes sequenced in this study, W. 
intricata UH strain HT-29-1 and H. welwitschii Uh strain IC-52-3. A biosynthetic gene cluster for 
hapalosin was identified within three Subsection V cyanobacterial genomes, however, hapalosin has 
previously only been identified within the cyanobacterium H. welwitschii UH strain IC-52-3. In total, 
17 complete orphan NRPS/PKS gene clusters were identified from the Subsection V cyanobacteria. 
Biosynthetic gene clusters for a number of PRPS (including cyanobactin, microviridin and bacteriocin 
gene clusters), MAAs, scytonemin, hydrocarbons, terpenes and the hapalindole family of natural 
products were also identified. Genome mining has revealed the diversity, abundance and complex 
nature of secondary metabolite potential of the Subsection V cyanobacteria. 
The hapalindole family of natural products is a group of hybrid isoprenoid indole alkaloids which 
are produced exclusively, thus far, from the Subsection V cyanobacteria. These secondary metabolites 
are intriguing, both structurally and in terms of their bioactivities. In this study, genome mining led to 
the identification of the hapalindole (hpi), amb and wel gene clusters from seven Subsection V 
cyanobacterial genomes, from cyanobacteria known to produce members of this family of natural 
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products, and from cyanobacteria for which their metabolic profile has not been previously 
determined. In-depth analysis of the hpi, amb and wel gene clusters enabled comparative analysis of 
the biosynthetic gene clusters and led to the identification of genes encoding enzymes likely involved 
in key biosynthetic reactions for the biosynthesis of the hapalindoles, ambiguines and 
welwitindolinones.  
In vitro characterisation of four enzymes from W. intricata UH strain HT-29-1 proposed to be 
involved in the early stages of hapalindole biosynthesis revealed differences from the previously 
proposed biosynthetic pathway. Biochemical assays using the proposed prenyltransferase WelP1 was 
unable to produce a hapalindole product, suggesting either additional enzymes or co-factors are 
required for biosynthesis. Characterisation of the proposed indole-isonitrile enzymes WelI1 and WelI3 
revealed these enzymes were either unstable as purified proteins, or required an additional co-factor 
from E. coli cell lysates. However, as whole cell lysates, WelI1 and WelI3 produce both the cis and 
trans isoforms of indole-isonitrile, in contrast to the enzymes recently characterised from the amb and 
wel gene clusters. Enzymatic characterisation of the putative halogenase WelH revealed this enzyme 
was not responsible for chlorination of the hapalindoles, and thus is likely not part of the wel gene 
cluster.  
Cyanobacteria also produce small compounds, known as MAAs, which protect the cell against UV 
radiation. The effect of UV-A and UV-B on the expression of the MAA (mys) gene clusters in W. 
intricata UH strain HT-29-1 was investigated. RT-qPCR analysis revealed expression was increased 
under exposure to both UV-B and UV-A radiation. This suggests MAAs may have a UV protection 
role in W. intricata UH strain HT-29-1. Genome analysis of W. intricata UH strain HT-29-1 revealed 
the presence of an additional gene within the mys gene cluster, encoding an arogenate dehydrogenase, 
which was determined by transcription analysis to be transcribed as part of the mys gene cluster. This 
study was also the first validation of reference genes for RT-qPCR from Subsection V cyanobacteria, 
and only the third specific study on validation of reference genes from cyanobacteria.  
This thesis highlighted the importance of genome mining for all classes of natural products to 
reveal the potential of the Subsection V cyanobacteria to produce a wide range of secondary 
metabolites. Heterologous expression and characterisation of the hpi/amb/wel gene clusters revealed 
the biosynthesis of these natural products is different from the pathway previously proposed. 
Characterisation of the mys gene cluster through RT-qPCR analysis revealed the increase of 
transcription under both UV-A and UV-B radiation and identified the transcription of an additional 
gene as part of the mys gene cluster. Characterisation of arogenate dehydrogenase may lead to the 
identification of an enzyme encoding the biosynthesis of additional MAAs, or an enzyme involved in 
the regulation of the mys gene cluster.  
  
 
 
 
 
 
 
 
 
 
Chapter 1.  
GENERAL INTRODUCTION 
 
 
 
 
 
  
  
 
 
 
  
CHAPTER 1: GENERAL INTRODUCTION  3 
Cyanobacteria are photosynthetic bacteria which are among Earth’s oldest life forms (Dismukes et 
al., 2001). Cyanobacteria have developed the ability to survive in extreme and diverse environments, 
ranging from desert soils (Garcia-Pichel and Belnap, 1996), thermal springs (Finsinger et al., 2008) 
and antarctic lakes (Jungblut et al., 2006) to marine and freshwaters (Paerl et al., 2000). The ancestors 
of cyanobacteria are presumed to be responsible for the evolution of oxygenic photosynthesis. They 
have been found in stromatolites (which contain the earliest evidence of atmospheric oxygen) dating 
back to the Precambrian period (Allwood et al., 2006). Cyanobacteria are classified into five 
subsections based on their morphology. The Subsections I and II cyanobacteria are unicellular species, 
which are differentiated by their ability to reproduce through binary or multiple fissions. Subsections 
III–V are multicellular species. Cyanobacteria classified into Subsection III have vegetative cells, 
while Subsections IV and V are differentiated by their ability to reproduce in false or true-branching 
filaments. Subsection IV and V cyanobacteria also possess the ability to form heterocysts in the 
absence of combined nitrogen, or form akinetes in unfavourable conditions (Gugger and Hoffmann, 
2004). Although non-photosynthetic, the melainabacteria were first classified as a sister phyla of the 
cyanobacteria (Di Rienzi et al., 2013). More recent phylogenetic analysis, including whole genome 
phylogeny, has proposed that the melainabacteria are a class within an expanded phylum of 
cyanobacteria (Soo et al., 2014). No secondary metabolites have been identified from melainabacteria 
and no gene clusters have been identified within the genome for a potential to produce natural 
products. 
 
1.1 CYANOBACTERIAL NATURAL PRODUCTS  
Cyanobacteria produce a vast array of secondary metabolites, the majority of which are broadly 
classified into two categories; toxins and cytotoxins. Cyanobacterial toxins can have a significant 
impact on human and animal health, through the contamination of drinking water reservoirs by 
toxigenic strains (Dittmann et al., 2013, Dittmann and Wiegand, 2006). Cyanobacterial toxins are 
classified according to their toxicity, and include the neurotoxins (saxitoxins, anatoxins and 
jamaicamides), heptotoxins (microcystins,  nodularins and cylindrospermopsin) and dermatoxins 
(lyngbyatoxins and aplysiatoxin) (Sivonen and Jones, 1999, Tillett et al., 2000, Moffitt and Neilan, 
2004, Llewellyn, 2006, van Apeldoorn et al., 2007, Mihali et al., 2008). Cyanobacteria also produce a 
range of natural products with bioactivities with promising pharmaceutical potential. Cyanobacterial 
cytotoxins include anticancer  compounds, such as dolastatin 10, hapalosin, curacin A and 
cryptophycin 1; antibacterial compounds, such as ambigols A and B and tjipanazole D; antiviral 
secondary metabolites, for example spirulan and cyanovirin-N and antifungal compounds, such as 
tanikolide, scytophycin and hassallidin (Luesch et al., 2001, Gerwick et al., 1994, Corbett et al., 1997, 
Kerksiek et al., 1995, Falch et al., 1995, Hayashi et al., 1996, Boyd et al., 1997, Singh et al., 1999, 
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Shishido et al., 2015, Neuhof et al., 2005). Cyanobacteria also produce natural products with UV-
absorbing properties, such as mycosporine-like amino acids (MAAs) and scytonemin. The chemical 
structures of some of these secondary metabolites are shown in Figure 1.1. These secondary 
metabolites have also inspired the synthesis of analogues with increased bioactivity. For example, the 
synthetic derivative of dolastatin 10, sobidotin, was found to be superior to current existing anticancer 
drugs (Watanabe et al., 2006, Watanabe et al., 2007). Furthermore, brentuximab vedotin (an antibody 
drug conjugate) consists of a synthetic analogue of dolstatin 10 (auristatin E), and was recently 
approved for the treatment of Hodgkin lymphoma (Minich, 2012).   
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Figure 1.1: Cyanobacterial secondary metabolites.  
The chemical structures of a selection of cyanobacterial secondary metabolites are shown. Saxitoxin, 
microcystin, lyngbyatoxin and cylindrospermopsin are classified as toxins, whilst dolstatin 10, 
ambigol A and hassallidin are bioactive cytotoxins. Structures were adapted from Kellmann et al. 
(2008), Tillett et al. (2000), Edwards and Gerwick (2004), Mihali et al. (2008), Luesch et al. (2001), 
Falch et al. (1993), and Neuhof et al. (2005). 
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1.1.1 Mycosporine-like amino acids  
MAAs are small, colourless, water-soluble compounds, with an absorbance maxima between 310 
and 365 nm. Structurally, MAAs are comprised of either a cyclohexenone or a cyclohexinimine 
chromophore, conjugated with the nitrogen subunit of an amino acid or its amino alcohol (Nakamura 
et al., 1982). Specific properties of MAAs, such as strong UV absorption (307-362 nm), high molar 
extinction coefficients (e = 28 100 – 50 000 M-1 cm-1), resistance to several abiotic stressors, such as 
heat, UV radiation, oxidising agents and different pH values, supports their role as natural 
sunscreening compounds (Conde et al., 2000). MAAs can effectively dissipate absorbed radiation as 
heat, without the production of reactive oxygen species (ROS) (Conde et al., 2000, Conde et al., 2004, 
Conde et al., 2007, Rastogi and Incharoensakdi, 2014b). MAAs are known to prevent three out of 
every ten photons from hitting cytoplasmic targets within cyanobacteria (Garcia-Pichel et al., 1993).  
A range of MAAs have been identified from cyanobacteria (Figure 1.2) (Sinha and Häder, 2008), 
however, the biosynthesis of these compounds has only been characterised for the MAAs 
mycosporine-glycine and shinorine. 
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Figure 1.2: Selected known mycosporine-like amino acids. 
The chemical structure and corresponding absorbance maxima of selected known MAA are shown. 
Figure adapted from Rastogi et al. (2011).  
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1.1.2 Hapalindole family of natural products  
The hapalindole family of natural products are a group of hybrid isoprenoid indole alkaloids, 
identified exclusively, thus far, from the Subsection V cyanobacteria, specifically within the genera 
Westiella, Hapalosiphon, Fischerella and Westiellopsis (Richter et al., 2008). Members of the 
hapalindole family of natural products are divided into several sub-families, including the 
hapalindoles, fisherindoles, ambiguines, welwitindolinones, hapalindolinones, hapaloxindoles and 
fontonamides (Richter et al., 2008). The interest in these natural products is, in part, due to their potent 
bioactivities. Some hapalindoles and welwitindolinones are known to display insecticidal activity 
(Becher et al., 2007, Stratmann et al., 1994b), whilst some hapalindoles display anti-algal bioactivity 
(Moore et al., 1984). Other hapalindoles, ambiguines and welwitindolinones display antimycotic 
bioactivites (Smitka et al., 1992, Raveh and Carmeli, 2007, Stratmann et al., 1994b, Klein et al., 1995, 
Park et al., 1992), whilst other hapalindoles and ambiguines display antibacterial activity (Raveh and 
Carmeli, 2007, Mo et al., 2009, Mo et al., 2010, Kim et al., 2012c, Doan et al., 2000, Asthana et al., 
2006). The welwitindolinones also display potent anti-cancer activity against multiple drug-resistant 
(MDR) ovarian cell lines (Stratmann et al., 1994b, Smith et al., 1995). Recently, hapalindoles have 
been identified as potential sodium channel modulators, inhibiting veratridine-induced depolarization 
in a manner similar to that of neosaxitoxin, suggesting the hapalindoles may be neurotoxic (Cagide et 
al., 2014).  
The core structure of the hapalindole family of natural products consists of an indole (or indole 
derived) heterocycle with an attached isoprene unit, with the majority of these compounds also 
containing an isonitrile or isothiocyanate moiety (Figure 1.3) (Richter et al., 2008). The isothiocyanate 
group, rather than the isonitrile group, appears to be important for some of the bioactivity of these 
compounds (Schwartz et al., 1990, Smith et al., 1995). Putative substrates and intermediates required 
for the biosynthesis of some hapalindoles have been identified via labelled precursor feeding 
experiments performed on the cyanobacterium Hapalosiphon fontinalis ATCC 39694 (Bornemann et 
al., 1988). It was determined that the carbon skeleton of the hapalindoles were derived from 
tryptophan, geranyl pyrophosphate (GPP) and glycerine for the formation of the indole, isoprenoid and 
isonitrile moieties, respectively (Bornemann et al., 1988).  
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Table 1.1: Specific bioactivity of major hapalindole-type compounds 
 
 
 
 
 
 
Figure 1.3: Core structure of the hapalindole family of natural products. 
The core structure is numbered based upon the tricyclic hapalindoles with carbon atoms numbered in 
red. R=H or Cl. X=NC, NCS or H. Figure adapted from Richter et al. (2008).  
 
 
 
Bioactivity Major compounds displaying specific bioactivity  Reference 
Insecticidal 12-epi-hapalindole J isonitrile, 12-epi-hapalindole C 
isonitrile, 12-epi-hapalindole E isonitrile, N-methyl 
welwitindolinone C isothiocyanate 
(Becher et al., 2007, 
Stratmann et al., 1994b). 
Anti-algal Hapalindole A (Moore et al., 1984). 
Antimycotic 12-epi-hapalindole D isothiocyanate, 12-epi-
hapalindole F isothiocyanate, welwitindolinone A, 
ambiguine H isonirile and ambiguine I isonirile 
ambiguines 
(Smitka et al., 1992, Raveh 
and Carmeli, 2007, 
Stratmann et al., 1994b, 
Klein et al., 1995, Park et 
al., 1992). 
Antibacterial 12-epi-hapalindole E isonitrile, ambiguine H 
isonirile and ambiguine I isonirile 
(Raveh and Carmeli, 2007, 
Mo et al., 2009, Mo et al., 
2010, Kim et al., 2012c, 
Doan et al., 2000, Asthana 
et al., 2006). 
Sodium 
channel 
modulators 
12-epi-hapalindole C isonitrile, hapalindole L, and 
12-epi-hapalindole E isonitrile 
(Cagide et al., 2014). 
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The hapalindoles are the simplest of the hapalindole family, consisting of the aforementioned core 
carbon skeleton within a tricyclic framework (Richter et al., 2008). The first hapalindoles, hapalindole 
A and B, were discovered in 1984 from the lipophilic extracts of the cyanobacteria H. fontinalis 
(Moore et al., 1984). Subsequent analysis of the lipophilic extract from H. fontinalis led to the 
identification of 18 new minor indole alkaloids, namely hapalindoles C-Q and T-V (Figure 1.4) 
(Moore et al., 1987a). Since then, hapalindoles have been isolated from Hapalosiphon (Stratmann et 
al., 1994b, Hillwig et al., 2014), Westiellopsis (Kim et al., 2012c) and Fischerella (Kim et al., 2012c, 
Mo et al., 2009, Doan et al., 2000, Klein et al., 1995, Becher et al., 2007, Raveh and Carmeli, 2007). 
The hapalindolinones, hapaloxindoles, hapalonamides and fontonamides are sub-families of the 
hapalindole family of natural products, and are considered to be oxidation products of the 
hapalindoles. Hapalindolinone A and B have been isolated from Fischerella sp. ATCC 53558 and 
Hapalosiphon laingii, whilst fontonamide, dechlorofontonamide, anhydrohapaloxindole A, B and M, 
hapalonamide G and H have been isolated from H. fontinalis ((Schwartz et al., 1987, Klein et al., 
1995, Moore et al., 1987b, Moore et al., 1989). Hapalonamide H has been isolated from 
Westiellopsis sp. SAG 20.93, whilst 13-hydroxy dechlorofontonamide, and anhydrohapaloxindole A 
have been isolated from F. muscicola UTEX LB1829 (Figure 1.4) (Kim et al., 2012c).  
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Figure 1.4: Chemical structures of the hapalindoles, hapalindolinones, hapaloxindoles, 
hapalonamides and fontonamides.  
The chemical structure of all known hapalindoles, hapalindolinones, hapaloxindoles, hapalonamides 
and fontonamides are shown. Figure adapted from Richter et al. (2008) and Kim et al. (2012c).  
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The fischerindoles differ from the hapalindoles by the ring fusion at the C(2) position of the indole, 
rather than at C(4), resulting in the formation of a five or six-membered ring. The first member of this 
sub-family, fischerindole L, was isolated from Fischerella muscicola UTEX 1829 (Figure 1.5) (Park et 
al., 1992). Four fischerindoles (12-epi-fischerindole G isonitrile, 12-epi-fischerindole U isonitrile, 12-
epi-fischerindole U isothiocyanate and 12-epi-fischerindole I isonitrile) have been subsequently 
isolated from H. welwitschii UH strain IC-52-3 by Stratmann et al. (1994b) and more recently from H. 
welwitschii UTEX B1830 (Hillwig et al., 2014). Four additional fischerindoles (12-epi-fischerindole I 
nitrile, deschloro 12-epi-fischerindole I nitrile, 12-epi-fischerindole W nitrile, and deschloro 12-epi-
fischerindole W nitrile) were isolated from Fischerella sp. SAG 46.79 (Kim et al., 2012b), all of 
which contains a nitrile moiety, rather than an isonitrile moiety (Figure 1.5).  
 
   
  
 
   
 
 
 
 
 
Figure 1.5: Chemical structures of the fischerindoles. 
 The chemical structures of all known fischerindoles are shown. Figure adapted from Richter et al. 
(2008) and Kim et al. (2012b).  
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Another sub-family related to the hapalindoles are the ambiguines. These alkaloids contain the core 
structure of the hapaldinoles, with additional functional group at C(2) of the indole, specifically a 
‘reverse’ prenyl moiety, creating a seven-membered ring (generally) (Figure 1.6). To date, 17 
ambiguines have been isolated from Fischerella sp., F. ambigua, H. hibernicus and Westiellopsis 
prolifica (Smitka et al., 1992, Raveh and Carmeli, 2007, Mo et al., 2009, Mo et al., 2010). In 2010, 
Mo et al. isolated two hapalindole-related alkaloids which were subsequently named fischerambiguine 
A and B (Figure 1.6). 
 
The welwitindolinones are a group of structurally diverse oxindole alkaloids (Menéndez, 2007). 
The majority of the welwitindolinones contain a bicyclononanone oxindole moiety, however, 
welwitindolinone A is unique, containing a novel spirocyclobutane oxindole moiety (Stratmann et al., 
1994b, Menéndez, 2007). The first welwitindolinones were identified in 1994 from H. welwitschii UH 
strain IC-52-3 and Westiella intricata UH strain HT-29-1 (Stratmann et al., 1994b). Four additional 
welwitindolinones (3-hydroxy-N-methylwelwitindolinone C isonitrile, 3-hydroxy-N-
methylwelwitindolinone C isothiocyanate, 3-hydroxy-N-methylwelwitindolinone C formamide and N-
methylwelwitindolinone D isonitrile) were isolated from Fischerella (Figure 1.7) (Jimenez et al., 
1999). Welwitindolinones have also recently been isolated from H. welwitischii UTEX B1830 
(Hillwig et al., 2014).     
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Figure 1.6: Chemical structures of the ambiguines and fischambiguines. 
The chemical structures of all known ambiguines and fischerambiguines are shown. Figure adapted 
from Richter et al. (2008).  
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Figure 1.7: Chemical structures of the welwitindolinones.  
The chemical structures of all known welwitindolinones are shown. Figure adapted from Richter et al. 
(2008).  
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Due to their unique molecular architecture, multiple synthetic studies have been conducted in an 
attempt to synthesise the hapalindole family of natural products. To date, total synthesis has been 
reported for hapalindoles A, G, H, J, K, M, O, Q, U and 12-epi-halindole D isothiocyanate (Sakagami 
et al., 1994, Vaillancourt and Albizati, 1993, Muratake and Natsume, 1990, Muratake et al., 1990, 
Fukuyama and Chen, 1994, Baran and Richter, 2005, Kinsman and Kerr, 2001, Rafferty and Williams, 
2011, Rafferty and Williams, 2012, Chandra and Johnston, 2011). 12-epi-fischerindole G and I 
isonitrile and 12-epi-fischerindole U isothiocyanate have also been synthesized (Richter et al., 2008, 
Baran and Richter, 2004, Baran and Richter, 2005, Baran et al., 2007). Total synthesis has been 
reported for ambiguine H and G (Baran et al., 2007, Chandra et al., 2007), welwitindolinone A, N-
methylwelwitindolinone B isothiocyanate, N-methylwelwitindolinone C isonitrile and isothiocyanate, 
3-hydroxy-N-methylwelwitindolinone C isonitrile and isothiocyanate and N-methylwelwitindolinone 
D isonitrile (Baran and Richter, 2005, Bhat et al., 2011, Richter et al., 2008, Reisman et al., 2006, 
Huters et al., 2011, Quasdorf et al., 2011, Reisman et al., 2008, Weires et al., 2014, Allan et al., 2011). 
1.1.3 Proposed biosynthesis of the hapalindole family of natural products  
The biosynthesis of the hapalindole family of natural products was first proposed by Moore and 
colleagues in 1994 (Stratmann et al., 1994b). First, a tryptophan derivative and a terpene unit were 
proposed to enzymatically undergo cyclisation to produce the tricyclic hapalindole core (12-epi-
hapalindole E) (Figure 1.8). Cyclisation of the indole core with the isopropylidene unit was proposed 
to lead to the biosynthesis of the tetracyclic hapalindoles (12-epi-hapalindole G) (Figure 1.8). 
Alternatively, the tricyclic hapalindole core was proposed to be oxidised to a putative intermediate, 
which could subsequently undergo acid-catalysed cyclisation to produce welwitindolinone A. Further 
oxidation and rearrangement of welwitindolinone A was proposed to lead to the biosynthesis of the 
bicyclononanone oxindole moiety, which is central to the remaining welwitindolinones. It is proposed 
that this intermediate may be welwitindolinone B, which has yet to be isolated. Subsequent 
methylation and oxidation was proposed to lead to the biosynthesis of N-methylwelwitindolinone C, 3-
hydroxy-N-methylwelwitindolinone C and N-methylwelwitindolinone D (Figure 1.8) (Stratmann et al., 
1994b).  
However, Richter and colleagues had cast doubt over the validity of Moore’s proposed pathway 
(Richter et al., 2008). Primarily, the concern arose over the plausibility of the putative intermediate 
produced through oxidation of the tricyclic hapalindole core (12-epi-hapalindole E). The stability of 
the proposed intermediate suggested this compound should have been previously identified, at least in 
trace levels. Furthermore, there appeared to be little thermodynamic driving force for the conversion 
of this intermediate to produce welwitindolinone B. Thus, an alternative biosynthetic pathway for the 
production of the hapalindole family was proposed (Figure 1.9) (Richter et al., 2008). The tricyclic 
hapalindole core was proposed to undergo cyclisation to form 12-epi-fisherindole G, and  
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subsequently oxidised to 12-epi-fisherindole I. Oxidative ring contraction of 12-epi-fisherinole I 
would lead to the biosynthesis of welwitindolinone A and subsequent oxidation of welwitindolinone A 
could lead to the biosynthesis of welwitindolinone B isonitrile (Richter et al., 2008). Additionally, 12-
epi-fischerindole I was proposed to undergo allylic oxidation to form intermediate A, which was 
proposed to undergo oxidate ring contraction and isomerization to form the intermediate B. 
Subsequent oxidative ring expansion and methylation was proposed to lead to the biosynthesis of N-
Me-welwitindolinone C (Figure 1.9). Richter et al. (2008) also proposed a biosynthetic pathway for 
the hapalinolinones. An oxidative coupling event between C(3) and C(11) carbons of tricyclic 
hapalindoles, for example hapalindole Q, had been proposed to lead to the biosynthesis of the oxindole 
with a spiroyclopropane moiety of the hapalindolinones (Figure 1.9) (Richter et al., 2008).  
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Figure 1.8: Moore’s proposed biosynthetic pathway for biosynthesis of the hapalindole family 
of natural products 
The proposed biosynthetic pathway for the biosynthesis of the hapalindoles, anhydrohapaloxindoles, 
hapalonamides, fischerindoles, ambiguines and welwitindolinones is shown. Figure adapted from 
Richter et al. (2008).  
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Figure 1.9: Alternative proposed biosynthetic pathway for the hapalindole family of natural 
products. 
This alternative pathway is proposed by Richter et al. (2008) and accounts for the biosynthesis of the 
hapalindolinones. Figure adapted from Richter et al. (2008).  
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1.2 CYANOBACTERIAL GENOMICS 
Genome sequencing has enabled unique insights into the potential of cyanobacteria to 
biosynthesise secondary metabolites. This has led to the identification of biosynthetic gene clusters for 
a number of known metabolites from new sources, as well as identified that cyanobacteria encode for 
many more natural product gene clusters than there are identified natural products. Synechocystis sp. 
PCC 6803 was the first cyanobacterium to undergo full genome sequencing (Kaneko et al., 1996). 
While the number of cyanobacterial genomes remains low compared to other phyla, there has been a 
recent effort to rectify this issue by increasing the coverage of sequenced genomes within the 
cyanobacterial phylum (Shih et al., 2013). This recent sequencing project is known as the 
CyanoGEBA (Genomic Encyclopedia of Bacteria and Archaea) data set.  
 
As of August 2015, there were 226 cyanobacterial genome sequences publically available in 
GenBank and the Joint Genome Institute (JGI) Integrated Microbial Genomes (IMG) databases (Table 
1.1). The most recent review on this topic, reporting the smallest sequenced complete cyanobacterial 
genome, belonged to the marine cyanobacterium UCYN-A, with a genome size of 1.44 Mb, while the 
largest genome belonged to Nostoc punctiforme ATCC 29122, with a genome size of 9.05 Mb (Hess, 
2011). Since then, the number and diversity of sequenced cyanobacterial genomes has drastically 
increased, broadening our current knowledge and understanding of cyanobacterial genomes. Thus, 
with a genome size of 13.1 Mb, Hassallia byssoidea strain VB512170 is now the largest sequenced 
cyanobacterial genome, and encodes 10,183 genes (Singh et al., 2015).  
 
Table 1.2: Summary of publically available cyanobacterial genomes, including 
number, size range, average size and average %GC. 
Subsection Number of publically 
available genomes 
Range of genome 
sizes (Mb) 
(average size) 
Average 
%GC 
I 114 0.1-11.5 (3.73) 44.7 
II 7 4.99-7.39 (6.19) 39.9 
III 46 4.68-9.42 (6.47) 46.7 
IV 34 2.21-13.1 (7.14) 40.9 
V 11 4.89-8.4 (6.90) 41.1 
Melainabacteria 14 1.19-5.49 (2.25) 34.9 
 
Prior to the publication of the CyanoGEBA data set in 2013, there were no publically available 
genomes from Subsection II cyanobacteria, and the Subsection V cyanobacteria were 
underrepresented. The CyanoGEBA data set significantly increased the number and diversity of 
sequenced cyanobacterial genomes, reporting the whole genome shotgun sequencing of an additional 
54 strains (Shih et al., 2013). This data set doubled the number of cyanobacterial genomes from 
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Subsections III and IV. Comparing the number of cyanobacterial genomes sequenced, the Subsection I 
cyanobacteria are overrepresented compared to the other cyanobacterial groups. Although the 
melainabacteria have only been recently described, there are currently 14 strains sequenced, either to 
completion or to draft stage (Di Rienzi et al., 2013, Soo et al., 2014). Genomes of symbiotic 
cyanobacteria have also been analysed. These include, a sponge symbiont and three tunicate 
symbionts belonging to Subsection I (Gao et al., 2014, Donia et al., 2011). Another two of the 28 
genomes from Subsection IV are diatom symbionts, while one is a water-fern symbiont (Hilton et al., 
2013, Ran et al., 2010). This demonstrates the diverse range of cyanobacterial genome type and sizes 
currently available. 
 
1.2.1 Types of biosynthetic gene clusters encoded within cyanobacterial 
genomes 
 
1.2.1.1 Nonribosomal peptide synthetases, peptide synthases and hybrid pathways  
The majority of cyanobacterial natural products are non-ribosomal peptides, polyketides or hybrid 
peptide-polyketide compounds (Ehrenreich et al., 2005, Kehr et al., 2011, Dittmann et al., 2001, 
Christiansen et al., 2001). Nonribosomal peptides are biosynthesised by nonribosomal peptide 
synthetases (NRPS), multifunctional enzyme complexes which assemble either proteinogenic or 
nonproteinogenic amino acids into the final peptide structure in an assembly line fashion (Fischbach 
and Walsh, 2006). Similarly, polyketides are biosynthesised by polyketide synthases (PKS), which 
assemble polyketides from acyl-CoA in a sequential manner (Fischbach and Walsh, 2006). NRPS and 
PKS enzyme complexes are similar in their biochemical logic. An NRPS or PKS assembly line 
consists of several modules, with each module responsible for the selection and addition of a single 
substrate to the lengthening molecule chain (Marahiel et al., 1997, Konz and Marahiel, 1999, Staunton 
and Weissman, 2001). The order of modules (thus, the order of selected substrates) usually dictates the 
peptide or polyketide chain sequence, and is referred to as the co-linearity rule.  
Within each module are a series of domains, each responsible for a specific enzymatic reaction. As 
a minimum module, an NRPS is made up of an adenylation (A) domain responsible for substrate 
selection, a peptide carrier protein (PCP) responsible for tethering the substrate to the enzymatic 
complex and a condensation (C) domain, responsible for catalysing peptide formation and chain 
elongation. The amino acid selected and incorporated by the A domain can be predicted through the 
ten critical amino acids comprising the A domain binding pocket (Challis et al., 2000). Analogous to 
the NRPS, a minimum PKS module consists of an acyltransferase (AT) domain, acyl carrier protein 
(ACP) and ketosynthase domain (KS), respectively.  
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Auxiliary or tailoring domains may also be present within a module and act on the activated 
substrate to provide structural diversity (Liou and Khosla, 2003, Donadio et al., 2007). Examples of 
NRPS auxiliary domains include epimerisation (E) domains, N-methyltransferase (NM) domains and 
heterocyclisation domains. PKS auxiliary domains include β-ketoreductase (KR) domains, 
dehydrogenase (DH) domains, enoyl-reductase (ER) domains, O-methyltransferase (MT) domains and 
C-methyltransferase (CM) domains (Liou and Khosla, 2003, Donadio et al., 2007). Furthermore, 
theioesterase (TE) domains and reduction domains are encoded in the final module for chain 
termination and release of the polypeptide or polyketide natural product. The genes encoding natural 
product biosynthesis are generally clustered together in the genome (Cane et al., 1998, Walsh and 
Fischbach, 2010), aiding in structural prediction of the metabolite based on bioinformatics. 
Genome mining of cyanobacterial genomes has led to the identification of new potential sources of 
NRPS/PKS secondary metabolites. For example, Nodularia spumigena CCY9414 was known to 
produce nodularin, however, through whole genome sequencing, biosynthetic gene clusters for 
nodularin, spumigin and nodulapeptins were identified, along with multiple orphan NRPS/PKS 
biosynthetic gene clusters (Voß et al., 2013). Furthermore, genome mining of Moorea producens 
(formally Lyngbya majuscula 3L) genome identified five orphan NRPS/PKS biosynthetic gene 
clusters, in addition to a putative gene cluster for carmabin biosynthesis and the previously identified 
curacin A and barbamide biosynthetic gene clusters (Jones et al., 2011).  
 
Whole genome sequencing has also led to the identification of a single biosynthetic gene cluster for 
the known neurotoxins anatoxin-a and homoanatoxin-a. The 29 kb gene cluster was identified in two 
cyanobacterial genomes, specifically Oscillatoria sp. PCC 6505 and Anabaena sp. strain 37 (Méjean 
et al., 2010, Rantala-Ylinen et al., 2011). Genetic comparisons of the biosynthetic gene clusters 
enabled the development of a molecular method to detect potential anatoxin-a and homoanatoxin-a 
producers (Rantala-Ylinen et al., 2011).     
 
Type I PKS genes are commonly identified in cyanobacteria, while type II and III PKS genes have 
rarely identified in cyanobacteria. However, recent analysis of Microcystis genomes identified 
PKSmod/PKSIII genes within four genomes, and PKSI interactive genes within two Microcystis and 
N. spumigena CCY9414 genomes (Frangeul et al., 2008, Humbert et al., 2013, Voß et al., 2013). This 
highlights the importance of genome screening to detect new and unusual natural product biosynthetic 
gene clusters. 
 
A number of orphan NRPS/PKS/hybrid biosynthetic gene clusters have been identified from 
publically available cyanobacterial genomes. Analysis of individual genomes has identified 29 orphan 
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NRPS/PKS/hybrid biosynthetic gene clusters from 13 cyanobacterial genomes (Kaneko et al., 2007, 
Stucken et al., 2010, Sinha et al., 2014, Jones et al., 2011, Humbert et al., 2013, Voß et al., 2013, 
Méjean et al., 2010, Rounge et al., 2009).   
 
1.2.1.2 Ribosomal peptides 
Another major class of cyanobacterial natural products are ribosomally synthesised and post 
translationally modified peptides, known as RiPPs (Arnison et al., 2013). The biosynthetic pathway of 
these compounds is referred to as post-ribosomal peptide synthesis (PRPS). The RiPPs produced by 
PRPS are usually encoded within the structural gene, which produces the precursor peptide. The 
precursor peptide is comprised of a signal sequence, a leader peptide, a core peptide and a recognition 
sequence. The core peptide/region of the precursor peptide is then post-translationally modified, such 
as acetylation, cyclisation, heterocyclisation, oxidation, prenylation, and/or methylation, to produce 
the final RiPP (Figure 1.10) (Arnison et al., 2013). The leader peptide is then removed by proteolysis 
and the mature peptide can then be exported.   
 
 
 
 
Figure 1.10: General biosynthetic pathways for ribosomally synthesised and post-translationally 
modified peptides. 
The precursor peptide contains a signal sequence, a leader peptide, a core peptide and a recognition 
sequence. The core peptide is post-translationally modified and undergoes proteolysis to produce the 
mature peptide product (RiPP).  
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A range of RiPP families have been identified from cyanobacterial genomes, including the 
bacteriocins, microviridins, and cyanobactins (Appendix 1.2). The bacteriocins are one family of 
RiPPs which are identified by a double-glycine motif in the leader sequence. A major class of the 
bacteriocins is the lanthipeptides (lanthionine-containing peptides). Of the 131 cyanobacterial 
genomes analysed, 115 genomes contain a bacteriocin gene cluster (Lee et al., 2008, Begley et al., 
2009, Li et al., 2010, O’Sullivan et al., 2011, Wang et al., 2012, Fiore et al., 2013, Shih et al., 2013, 
Lima et al., 2014), including eight genomes which are reported by Shih et al. (2013) to possess a 
bacteriocin cluster, although, those same clusters could not be identified by Wang et al. (2011). 
Another family of the RiPPs are the microviridins, N-acetylated tri- and tetra-decapeptides. The 
biosynthetic gene cluster for microviridin biosynthesis contains five genes encoding the precursor 
peptide, two cyclisation proteins, an acetyltransferase and an ABC transporter gene. The microviridin 
biosynthetic gene cluster has been identified in 26 cyanobacterial genomes, specifically from the 
genera Microcystis, Nodularia, Nostoc, Anabaena and Planktothrix (Philmus et al., 2008, Rounge et 
al., 2009, Fiore et al., 2013, Humbert et al., 2013, Tooming-Klunderud et al., 2013, Voß et al., 2013).  
 
Cyanobactins are small cyclic RiPPs which consist solely of proteinogenic amino acids. 
Cyanobactins display a range of bioactivities, including cytotoxic and MDR activities (Ishida et al., 
2000, Ogino et al., 1996). The cyanobactin biosynthetic gene cluster is comprised of a precursor 
peptide, two genes encoding proteases, and two short hypothetical proteins. Cyanobacterial genomes 
have been extensively screened for the cyanobactin gene cluster (142 strains), and has been identified 
in 32 genomes (Schmidt et al., 2005, Sudek et al., 2006, Donia et al., 2008, Leikoski et al., 2010, 
Donia and Schmidt, 2012, Fiore et al., 2013, Humbert et al., 2013, Shih et al., 2013, Voß et al., 2013). 
Furthermore, the cyanobactin gene clusters from N. spumigena CCY9414, Calothrix sp. PCC 7103, 
Cyanothece sp. PCC 7822, Leptolyngbya sp. PCC 7376 and M. aeruginosa NIES-843 may be non-
functional (Leikoski et al., 2013).  
1.2.1.3 UV-absorbing compounds  
Currently, cyanobacteria are known to produce only two different types of UV-absorbing 
molecules to protect the cell against either UV-A or UV-B radiation. One type of UV-absorbing 
compound which is produced by cyanobacteria is scytonemin, which is biosynthesised in response to 
UV-A (315-400 nm wavelength) stress (Sorrels et al., 2009, Soule et al., 2009a). The 6 kb scytonemin 
biosynthetic gene cluster (scy) has been identified in six publically available cyanobacterial genomes 
(Soule et al., 2009b, Kothari et al., 2013, Voß et al., 2013). The other type of UV-absorbing molecule 
produced by cyanobacteria are the MAAs, which are biosynthesised usually in response to UV-B 
(280-315 nm wavelength) stress (Sinha and Häder, 2008). The MAA (mys) gene cluster has been 
identified in 14 publically available cyanobacterial genomes (Balskus and Walsh, 2010, Gao and 
  
CHAPTER 1: GENERAL INTRODUCTION  27 
Garcia-Pichel, 2011, Shih et al., 2013, Voß et al., 2013, Kothari et al., 2013). Interestingly, there are 
two cyanobacterial genomes in which both the mys and scy biosynthetic gene clusters have identified 
(Cyanothece sp. PCC 7424 and N. spumigena CCY9414) (Balskus and Walsh, 2010, Soule et al., 
2009b, Voß et al., 2013). The L. aestuarii BL J genome has been reported to encode both biosynthetic 
gene clusters, however, the fourth gene required for MAA biosynthesis is present, but not clustered 
with the other genes in the genome (Kothari et al., 2013). 
1.2.1.4 Fatty acids  
There are two separate pathways for hydrocarbon biosynthesis from fatty acids in cyanobacteria. 
The first pathway requires two genes for the conversion of fatty acids to alkanes, a fatty acyl-ACP 
reductase (FAAR) and an aldehyde deformylating oxygenase (ADO), which comprise the 
FAAR/ADO pathway. This pathway was originally identified in cyanobacterial genomes by Schirmer 
et al. (2010). A total of 120 out of 135 publically available cyanobacterial strains have been found to 
encode these two genes within their genomes (Appendix 1.3) (Schirmer et al., 2010, Coates et al., 
2014, Kothari et al., 2013). Klähn et al. (2014) recently identified the FAAR/ADO genes in 163 out of 
181 publically available cyanobacterial genomes, however, the genes were only clustered in 138 
cyanobacterial genomes The second biosynthetic pathway for hydrocarbon biosynthesis in 
cyanobacteria is the olefin-producing (OLS) pathway. The OLS pathway requires a single PKS gene 
to convert the fatty acid to an alkene. By analysing cyanobacterial genomes currently available, this 
pathway has been identified in 15 publically available genomes by Coates et al. (2014).  
1.2.1.5 Terpenes  
Geosmin and 2-methylisoborneol (MIB) are volatile terpenes produced by cyanobacteria. Geosmin 
is biosynthesised by a single enzyme, while MIB requires both a methyltransferase and a monoterpene 
cyclase. Terpene biosynthesis has been investigated in 129 publically available cyanobacterial 
genomes, and 127 were found to contain genes involved in terpene biosynthesis (Appendix 1.3) (Shih 
et al., 2013, Lima et al., 2014, Fiore et al., 2013, Englund et al., 2014). 
1.2.1.6 Alkaloids 
There are two major alkaloids biosynthesised by cyanobacteria. The first, saxitoxin, is a neurotoxic 
alkaloid responsible for paralytic shellfish poisoning (Wiese et al., 2010, D'Agostino et al., 2014). 
Saxitoxin is the most potent member of the paralytic shellfish toxin family of alkaloids, consisting of 
over 50 different analogues. Unlike NRPS and PKS biosynthesis, the saxitoxin biosynthetic gene 
cluster encodes a series of monofunctional enzymes responsible for building the saxitoxin core and 
subsequent tailoring reactions (D'Agostino et al., 2014). To date, the saxitoxin gene cluster has been 
characterised from five species of cyanobacteria, but only one gene cluster has been identified by 
whole genome analysis, specifically in Raphidiopsis brookii D9, and putatively contains the minimal 
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genes required for saxitoxin biosynthesis (Stucken et al., 2010). The other major group of alkaloids 
biosynthesised by cyanobacteria is the hapalindole family of natural products. Biosynthetic gene 
clusters for two sub-families have been identified by genome sequencing, specifically for ambiguine 
and welwitindolinone biosynthesis (Section 1.4.2).   
1.2.2 Characterisation of biosynthetic gene clusters  
As the number of sequenced cyanobacterial genomes continues to increase, so does the number of 
orphan biosynthetic gene clusters, for which the encoded natural product is unknown. These orphan 
gene clusters are a potential source of novel and potentially bioactive natural products, thus, a number 
of methods have been developed to characterise the encoded natural product.   
1.2.2.1 Genomisotopic approach  
The genomisotopic approach is a unique method which uses isotope-guided fractionation to 
identify the encoded natural product from an orphan gene cluster. The technique relies on the 
bioinformatic analysis to determine putative precursors from the biosynthetic gene cluster. The 
appropriate 
15
N or 
13
C–15N labelled precursors are then fed to the cyanobacterial cultures, and used to 
isolate and determine the structure of the natural product through NMR experiments. The 
genomisotopic approach was originally used to characterise a new compound, orfamide A, from 
Pseudomonas fluorescens Pf-5 (Gross et al., 2007).  
1.2.2.2 Mutagenesis  
Mutatgenesis is another method used to link a biosynthetic gene cluster with the encoded natural 
product. One method of mutagenesis is the insertional activation of a gene within a biosynthetic gene 
cluster by homologous recombination. An antibiotic resistance cassette is inserted into the coding 
region of a gene, rendering the gene inactive. Examples of the use of this technique to assign 
biosynthetic gene clusters to encoded natural products include microcystin, aeruginosin and shinorine 
in Microcystis aeruginosa PCC 7806 (Dittmann et al., 1997, Ishida et al., 2009, Hu et al., 2014), 
anabaenopeptilide in Anabaena sp. strain 90 (Rouhiainen et al., 2000), and aeruginoside and 
microviridin in Planktothrix agardhii NIVA-CYA 126 (Ishida et al., 2007, Philmus et al., 2008).  
1.2.2.3 Peptidogenomics  
Peptigenomics is a mass spectrometry (MS)-guided technique used to link biosynthetic gene 
clusters with the encoded natural products (Kersten et al., 2011). Peptidogenomics utilises the 
knowledge obtained from analysis of biosynthetic gene clusters from whole genome sequencing to 
predict the structure of the encoded ribosomal and nonribosomal peptide. MS is then used to fragment 
peptides, and the fragmentation patterns (mass shifts) are used to define the potential amino acid 
residues present within the natural product. The mass shifts are then converted into a search tag which 
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can be used to search the genomes for the genes responsible for the biosynthesis of the compound 
(Kersten et al., 2011). Natural product peptidogenomics has recently been developed into two genome 
mining platforms, NRPquest and RiPPquest, to identify nonribosomal and ribosomal peptides, 
respectively (Mohimani et al., 2014b, Mohimani et al., 2014a).     
1.2.2.4 Transcriptional activation of biosynthetic gene clusters  
The detection of secondary metabolites from cyanobacteria is often hindered due to silent or low 
transcription of biosynthetic gene clusters. Alteration of physical and environmental conditions, such 
as iron limitation, presence or absence of nitrogen, phosphorous and sulphate, light quality and 
quantity, temperature and pH has been shown to influence the transcription level of some biosynthetic 
gene clusters (Neilan et al., 2013). For example, iron limitation led to an increase in transcription of 
the microcystin (mcy) gene cluster and toxin levels (Sevilla et al., 2008), whilst phosphate depletion 
led to an increase in the transcription of the nodularin gene cluster (Jonasson et al., 2008).  
1.2.2.5 Heterologous expression  
Heterologous expression of entire biosynthetic gene clusters in other bacterial hosts is another 
method used to assign biosynthetic gene clusters to natural products. The first cyanobacterial 
NRPS/PKS gene cluster to be characterised in a heterologous host was the 26 kb barbamide gene 
cluster from M. producens (Kim et al., 2012a). The entire gene cluster was cloned into the pYJ1614 
expression vector and expressed in Streptomyces venezuelae DHS2001. However, barbamide was not 
detected in the organic extract. Instead, 4-O-demethylbarbamide was identified, and found to be more 
potent as a molluscicidal agent than barbamide (Kim et al., 2012a). Heterologous expression of the 
lyngbyatoxin (ltx) biosynthetic gene cluster in Escherichia coli resulted in the biosynthesis of both 
lyngbyatoxin and indolactam-V, an intermediate in the biosynthetic pathway (Ongley et al., 2013). 
Heterologous expression of the entire ltx gene cluster in Streptomyces coelicolor was unsuccessful, 
due to early transcriptional termination (Jones et al., 2012). Ribosomal peptides, alkanes and terpene 
biosynthetic gene clusters have also been characterised through heterologous expression (Schmidt et 
al., 2005, Donia et al., 2008, Schirmer et al., 2010, Agger et al., 2008, Giglio et al., 2008).  
1.2.2.6 In vitro reconstitution  
Another method used to assign a biosynthetic gene cluster to a natural product is in vitro 
reconstitution through expression of individual enzymes, usually in E. coli. The success of in vitro 
reconstitution relies on knowledge of putative precursors and cofactors. Complete reconstitution of the 
mys gene cluster has been performed in A. variabilis ATCC 29413 and N. punctiforme ATCC 29133 
(Balskus and Walsh, 2010, Gao and Garcia-Pichel, 2011). Examples of partial reconstitution has been 
demonstrated for the biosynthesis of curacin A, jamaicamide, scytonemin, cyanobactins, microviridins 
and cylindrospermopsin (Gu et al., 2009, Dorrestein et al., 2006, Balskus and Walsh, 2008, McIntosh 
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and Schmidt, 2010, Lee et al., 2009, Philmus et al., 2008, Mazmouz et al., 2011, Muenchhoff et al., 
2010).   
 
1.3 SECONDARY METABOLITES AND BIOSYNTHETIC GENE CLUSTERS FROM 
SUBSECTION V CYANOBACTERIA  
1.3.1 Secondary metabolites previously identified from Subsection V 
cyanobacteria 
The Subsection V cyanobacteria are well known for the production of the hapalindole family of 
natural products (Bhat et al., 2014, Moffitt and Burns, 2009), however, they also produce a range of 
other secondary metabolites. Microcystin has been identified from H. hibernicus BZ-3-1, Fischerella 
sp. strain CENA161 and Fischerella sp. NQAIF311 (Prinsep et al., 1992a, Fiore et al., 2009, Cirés et 
al., 2014), fischerellin A and B have been isolated from F. muscicola (Hagmann and Jüttner, 1996, 
Gross et al., 1991, Papke et al., 1997), the cyclic peptide westiellamide has been isolated from 
Westiella prolifica (Prinsep et al., 1992b), and the aromatic compounds ambigol A, B, C, 2,4-
dichlorobenzoic acid, the alkaloid tjipanazole D and the antimicrobial compound parsiguine have been 
isolated from Fischerella ambigua (Falch et al., 1993, Wright et al., 2005, Ghasemi et al., 2004).  The 
depsipeptide stigonemapeptin has been isolated from Stigonema sp. (Kang et al., 2012), whilst the 
hexapeptide hapalocyclamide has been identified from Hapalosiphon sp. (Koodkaew et al., 2012). The 
cyclic peptide, hapalosin has been identified from H. welwitschii UH strain IC-52-3 and Fischerella 
sp. SAG 46.79 (Stratmann et al., 1994a, Kim et al., 2012b). Finally, hydrocarbons have been identified 
from W. intricata UH strain HT-29-1, H. welwitschii UH strain IC-52-3, Fischerella sp. PCC 7414 and 
Chlorogloeopsis fritschii PCC 6912 (Coates et al., 2014).  
Although the Subsection V cyanobacteria produce a wide range of secondary metabolites with 
unique chemical structures, they were significantly under-represented compared to the other 
cyanobacterial subsections in terms of the number of sequenced genomes prior to 2013 (Micallef et 
al., 2014b). Two recent cyanobacterial sequencing projects aimed at increasing the number of 
Subsection V genomes led to a significant increase in the number of publically available genomes 
(Shih et al., 2013, Dagan et al., 2013). Currently, there are 11 Subsection V cyanobacterial genomes 
publically available, specifically Fischerella sp. PCC 9339, Fischerella sp. PCC 9431, Fischerella sp. 
JSC-11, Fischerella sp. PCC 9605, F. muscicola PCC 7414, F. muscicola SAG 1427-1, Fischerella 
thermalis PCC 7521, Mastigocladopsis repens PCC 10914, C. fritschii PCC 6912, Chlorogloeopsis sp. 
PCC 9212 and Mastigocoleus testarum BC008 (Dagan et al., 2013, Shih et al., 2013).  
  
CHAPTER 1: GENERAL INTRODUCTION  31 
1.3.2 Biosynthetic gene clusters previously identified from Subsection V 
cyanobacteria 
Previous genome mining  of the five Subsection V cyanobacterial genomes sequenced by Shih et 
al. (2013) reported a preliminary overview of NRPS/PKS, PRPS and terpene gene clusters. Additional 
analysis of NRPS/PKS gene cluster families performed by Calteau et al. (2014) demonstrated that the 
percentage of each genome devoted to these gene clusters classes is higher in the Subsection V 
cyanobacteria than other cyanobacterial subsections.  
Recently, the first gene clusters encoding the biosynthesis of the welwitindolinones and the 
ambiguines have been identified from two Subsection V cyanobacteria. The welwitindolinone (wel) 
gene cluster was identified from the genome of H. welwitschii UTEX B1830 (also known as 
Fischerella sp. PCC 9431), while the ambiguine (amb) gene cluster was identified from F. ambigua 
UTEX 1903 (Hillwig et al., 2014, Hillwig et al., 2013). Key biosynthetic reactions towards the 
biosynthesis of the hapalindoles were also characterised. In vitro characterisation of AmbI1/I3 and 
WelI1/I3 confirmed these enzymes were responsible for catalysing the biosynthesis of the isonitrile 
functional group. Furthermore, in vitro characterisation of the prenyltransferase AmbP3 confirmed the 
amb gene cluster was responsible for the biosynthesis of the ambiguines, and in vitro characterisation 
on the methyltransferase WelM confirmed the wel gene cluster encoded the biosynthesis of the 
welwitindolinones (Hillwig et al., 2013, Hillwig et al., 2014). Recently, WelO5 from the wel gene 
cluster was characterised as the halogenase responsible for chlorination of the welwitindolinones 
(Hillwig and Liu, 2014).  
In addition to the amb and wel gene clusters encoding ambiguine and welwitindolinone 
biosynthesis, other biosynthetic gene clusters reported from the Subsection V cyanobacteria include a 
mcy gene cluster for microcystin biosynthesis from Fischerella sp. PCC 9339 (Shih et al., 2013), mys 
gene clusters for MAA biosynthesis from C. fritschii PCC 6912 (Gao and Garcia-Pichel, 2011), 
Fischerella sp. PCC 9339 (Shih et al., 2013) and Fischerella sp. PCC 9431 (Calteau et al., 2014), and 
the FAAR/ADO pathway for hydrocarbon biosynthesis in all the Subsection V cyanobacterial 
genomes (Coates et al., 2014, Klähn et al., 2014).  
1.3.3 Isolation and characterisation of secondary metabolites from W. 
intricata UH strain HT-29-1 and H. welwitschii UH strain IC-52-3  
W. intricata UH strain HT-29-1 was isolated from a soil samples collected from Moen Island, Truk 
Atoll, Caroline Islands in 1988 (Stratmann et al., 1994b). H. welwitschii UH strain IC-52-3 was 
isolated as a unialgal, nonaxenic cyanobacteria from a fresh water sample collected at the Australian 
Institute of Marine Sciences in Queensland, Australia in 1990 (Stratmann et al., 1994b). Both W. 
intricata UH strain HT-29-1 and H. welwitschii UH strain IC-52-3 are known producers of the 
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hapalindole family of natural products. Furthermore, H. welwitschii UH strain IC-52-3 is known to 
produce hapalosin (3S,4R,8R,9S,12S-9-benzyl-4-heptyl-8-hydroxy-12-isopropyl-3,10-dimethyl-1,5-
dioxa-10-azacyclododecane-2,6,11-trione), a cyclic dipeptide natural product consisting of a 12-
membered ring and a seven carbon side chain (Stratmann et al., 1994a, Okuno et al., 1996, Kashihara 
et al., 2000). Hapalosin was isolated as a mixture of trans and cis-amide rotamer in a 1:3 ratio 
(Stratmann et al., 1994a), and displays MDR-reversing activity against P-glycoprotein-overexpressing, 
vinblastine-resistant ovarian cell lines (Stratmann et al., 1994a, Kawase and Motohashi, 2003). H. 
welwitschii UH strain IC-52-3 is also known to produce the hydrocarbons heptadecanes and 
methylheptadecanes, whilst W. intricata UH strain HT-29-1 is capable of producing heptadecane 
(Coates et al., 2014). In order to increase the number of Subsection V cyanobacteria genomes 
available, and subsequently identify biosynthetic gene cluster for a diverse range secondary 
metabolites, W. intricata UH strain HT-29-1 and H. welwitschii UH strain IC-52-3 were selected for 
genome sequencing. 
 
1.4 THESIS OBJECTIVES  
The end goal of this thesis was to demonstrate the diversity and potential of the Subsection V 
cyanobacteria to produce natural products from a range of natural product classes. This thesis builds 
upon the recent identification and characterisation of amb and wel gene clusters within the Subsection 
V cyanobacteria, as well as the identification of NRPS, PRPS and terpene biosynthetic gene clusters 
from the publically available Subsection V cyanobacterial genomes. The thesis objectives are:  
 Aim One: To increase the genomic information available for the Subsection V 
cyanobacteria and to reveal the secondary metabolite potential through genome mining of 
the publically available Subsection V cyanobacterial genomes (Chapter 2). 
 Aim Two: To identify a gene cluster for the biosynthesis of hapalosin and the hapalindole 
family of natural products from the genomes of W. intricata UH strain HT-29-1 and H. 
welwitschii UH strain IC-52-3 (Chapter 2).  
 Aim Three: To perform an in-depth analysis of the hapalindole (hpi), amb and wel gene 
clusters identified from four private Subsection V genomes, specifically W. intricata UH 
strain HT-29-1, H. welwitschii UH strain IC-52-3, Fischerella sp. ATCC 43239 and F. 
ambigua UTEX 1903, and three publically available Subsection V cyanobacterial genomes 
(Chapter 3).  
 Aim Four: To characterise the early stages of hapalindole biosynthesis from W. intricata 
UH strain HT-29-1 through in vitro characterisation of four enzymes (Chapter 4). 
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 Aim Five: To investigate the effect of UV-A and UV-B radiation on the expression of the 
mys gene clusters encoding MAA biosynthesis in W. intricata UH strain HT-29-1 (Chapter 
5). 
Overall, this thesis contains six chapters. The first chapter provides a general introduction to 
cyanobacterial secondary metabolites, with a specific focus on the MAA and the hapalindole family of 
natural products, as the aims of this thesis include genetic analysis and characterisation of the mys and 
hpi/wel/amb gene clusters. The introduction provides background knowledge on the proposed and/or 
characterised biosynthetic pathways for these compounds, and includes an overview of the secondary 
metabolites and biosynthetic gene clusters which have been identified specifically from the Subsection 
V cyanobacteria. The last chapter provides a final discussion linking the results chapters and expands 
on the future directions which are briefly explained in each results chapter. The results chapters consist 
of Chapter 2-Chapter 5, and have been written in a journal format. Chapter 1 has been published, in 
part, as a review in Marine Genomics, and Chapter 2 has been published in BMC Genomics. Chapters 
3 and 4 have been published together in BMC Microbiology, whilst a manuscript for Chapter 5 is in 
preparation.   
  
 
 
 
 
 
 
 
 
Chapter 2.  
GENOME MINING FOR NATURAL PRODUCT 
BIOSYNTHETIC GENE CLUSTERS IN THE 
SUBSECTION V CYANOBACTERIA  
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2.1 INTRODUCTION 
Prior to 2013, the Subsection V cyanobacteria were significantly under-represented compared to 
the other cyanobacterial groups in terms of the number of sequenced genomes. Genome mining for the 
identification of biosynthetic gene clusters for some classes of natural products has been performed on 
these genomes (Shih et al., 2013, Calteau et al., 2014, Coates et al., 2014). However, within the 
Subsection V cyanobacterial genomes there are a range of different classes of natural products for 
which the biosynthetic gene clusters have not been screened for, and a potential wealth of information 
remains unanalysed.  
In order to identify and analyse these natural product biosynthetic gene clusters within 
cyanobacterial genomes, a number of in silico approaches have been developed. Two bioinformatic 
programs have been designed in order to identify a wide range of natural product classes from 
sequenced genomes, specifically the ‘antibiotic and secondary metabolite analysis shell’ 
(antiSMASH), and ClusterFinder (Blin et al., 2013, Medema et al., 2011, Cimermancic et al., 2014). 
These bioinformatic programs enable the identification of putative natural product biosynthetic gene 
clusters, and provide a prediction of the structure of the encoded natural product. Due to the highly 
conserved and clustered nature of NRPS/PKS gene clusters (Fischbach and Walsh, 2006), a number of 
bioinformatic tools are available to further analyse this specific class of natural products. These 
bioinformatic tools include a Pfam approach by Kalaitzis et al. (2009), NP.searcher (Li et al., 2009), 
CLUSEAN (Weber et al., 2009), ClustScan (Starcevic et al., 2008), ASMPKS (Tae et al., 2007), 
NaPDoS (Ziemert et al., 2012) and the NRPS/PKS analysis website (Bachmann and Ravel, 2009). 
These bioinformatic tools are used to identify the domain type and/or order of NRPS/PKS gene 
clusters, and enable a prediction of the selected substrate. A domain substrate specificity is often 
predicted using NRPSpredictor2 (Röttig et al., 2011), NRPSsp (Prieto et al., 2012) and NRPS-PKS-
substrate-predictor (Khayatt et al., 2013), whilst AT domain substrate specificity is often predicted 
using NRPS-PKS-substrate-predictor, SBSPKS (Anand et al., 2010) and MAPSI (Tae et al., 2009).  
Identification and analysis of cyanobacterial biosynthetic gene clusters often requires additional 
manual analysis. Due to the limited number of gene clusters and NRPS/PKS domains present within 
antiSMASH and ClusterFinder databases, many cyanobacterial biosynthetic gene clusters are often not 
identified. In particular, some domain types, such as initiation modules, are unable to be recognised by 
these bioinformatic tools (Moore and Hertweck, 2002). Furthermore, prediction of the substrate 
selected and incorporated by the A domain is difficult, due to the low similarity of the A domain 
binding pocket to known amino acids in these databases. In order to overcome some of these 
difficulties, manual analysis of each individual gene cluster is required to determine if any surrounding 
genes are part of the identified biosynthetic gene cluster. Furthermore, using previously identified 
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biosynthetic gene clusters to perform a sequence similarity search using BLAST (Altschul et al., 1990) 
may enable the identification of other biosynthetic gene clusters.  
As H. welwitschii UH strain IC-52-3 and W. intricata UH strain HT-29-1 are known to produce 
members of the hapalindole family of natural products, and H. welwitschii UH strain IC-52-3 is known 
to produce hapalosin, the genomes of W. intricata UH strain HT-29-1 and H. welwitschii UH strain 
IC-52-3 were sequenced with the aim of identifying a complete gene cluster encoding the biosynthesis 
of these natural products. A NRPS/PKS biosynthetic gene cluster (hap) and pathway has previously 
been proposed for the biosynthesis of hapalosin (Figure 2.1) (D'Agostino, 2008). The aim of this study 
was to perform genome mining of all 11 publically available Subsection V cyanobacterial genomes, as 
well as W. intricata UH strain HT-29-1 and H. welwitschii UH strain IC-52-3, to identify all 
biosynthetic gene clusters, including NRPS/PKS, PRPS (specifically cyanobactin, microvirdin and 
bacteriocin), MAA and scytonemin (UV-absorbing), hydrocarbon, terpene and squalene gene clusters, 
in order to provide a complete overview of the natural product potential of the Subsection V 
cyanobacteria.    
 
Figure 2.1: Predicted hap biosynthetic gene cluster, including domain organisation and 
biosynthetic pathway of hapalosin. 
The hap gene cluster is proposed to encode an initiation module with an AS domain for selection of 
octanoic acid as the starter unit, two NRPS modules and two PKS modules. Obtained from D'Agostino 
(2008). 
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2.2 MATERIALS AND METHODS 
2.2.1 Cyanobacterial strains and culture conditions 
The cyanobacterial strains W. intricata UH strain HT-29-1 and H. welwitschii UH strain IC-52-3 
(Table 2.1) were obtained from the University of Hawaii cyanobacterial culture collection. All 
cyanobacterial cultures were maintained in Blue-Green 11 (BG-11) medium (Fluka, Buch, 
Switzerland) (Rippka et al., 1979) at a temperature of 24°C. All cyanobacterial strains were 
illuminated with 11 μmol m-2 s-1 of photons on a 12:12 hour (hr) light/dark cycle. 
 
Table 2.1: Location and year of isolation of cyanobacterial strains. 
Cyanobacterial 
strain 
Location of Isolation Year Reference 
Fischerella sp. PCC 
9339
Ω
 
N/A N/A Shih et al. (2013) 
Fischerella sp. PCC 
9431
Ω
 
N/A N/A Shih et al. (2013) 
Fischerella sp. JSC-
11
Ω
 
N/A N/A N/A 
Fischerella sp. PCC 
9605
Ω
 
Limestone in Israel N/A Shih et al. (2013) 
Fischerella 
muscicola PCC 7414
Ω
 
Hot springs in New Zealand N/A Dagan et al. 
(2013) 
Fischerella 
muscicola SAG 1427-
1
Ω
 
Rice fields in India 1951 Dagan et al. 
(2013) 
  Ficherella 
thermalis PCC 7521 
Ω
 
Hot springs in Wyoming, USA 1968 Dagan et al. 
(2013) 
Mastigocladopsis 
repens PCC 10914 
 Ω
 
Soil from Spain N/A N/A 
Mastigocoleus 
testarum BC008
Ω
 
N/A N/A N/A 
Chlorogloeopsis 
fritschii PCC 6912
Ω
 
Rice fields in India N/A Dagan et al. 
(2013) 
Chlorogloeopsis sp. 
PCC 9212
Ω
 
Hot springs in Spain N/A Dagan et al. 
(2013) 
Westiella intricata 
UH strain HT-29-1 
£
 
Soil from Moen Island, Truk Atoll, 
Caroline Islands, Micronesia 
1988 (Stratmann et al., 
1994b) 
Hapalosiphon 
welwitschii UH strain 
IC-52-3 
£
 
Freshwater from Australian Institute 
of Marine Sciences, Queensland, 
Australia 
1990 (Stratmann et al., 
1994b) 
Ω
These genomes were obtained through publically available genome databases 
£
These cyanobacterial strains were grown and the genome sequenced in this study 
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2.2.2 Genomic DNA extraction and genome sequencing 
High molecular weight genomic DNA (gDNA) was extracted from W. intricata UH strain HT-29-1 
and H. welwitschii UH strain IC-52-3 cells using a hexadecyltrimethylammonium bromide (CTAB) 
method adapted from Morin et al. (2010). Prior to gDNA extraction, cyanobacterial filaments were 
filtered using a 3 μm nitrocellulose membrane (Millipore, North Rhyde, Australia) to remove 
heterotrophic bacteria and washed with 200 mL of sterile BG-11 media.  
The cell pellet was then resuspended in 1 mL of buffer A (15 mM NaCl, 100 mM EDTA (pH 8.0)), 
and freeze-thawed three times between liquid nitrogen and 37°C to assist in cell lysis. Cells were 
collected by centrifugation at 10,000 × g for 10 minutes (min) and resuspended in 1 mL TE buffer (10 
mM Tris-HCl (pH 7.4), 1 mM EDTA (pH 8.0)). Lysozyme (Sigma, Missouri, USA) was added to a 
final concentration of 10 mg mL
-1
, and incubated at 37°C for 30 min. Proteinase K (Amresco, Solon, 
USA) and sodium dodecyl sulphate (SDS) were added to a final concentration of 0.42 mg mL
-1
 and 
2% (w/v) respectively, to facilitate protein denaturation and digestion. The cell mixture was 
subsequently incubated at 37°C for 1 hr. NaCl was then added to a final concentration of 1.3 M, along 
with CTAB (10% CTAB (w/v), 0.7 M NaCl) to a final concentration of 1% (v/v), to selectively 
precipitate polysaccharides. The samples were mixed by inversion and incubated at 65°C for 10 min. 
An equal volume (vol) of chloroform-isoamyl alcohol (24:1) (Amresco, Ohio, USA) was added to 
separate the gDNA from the remaining cellular protein and other debris. The sample was incubated on 
ice for 30 min, and centrifuged in a micro-centrifuge for 10 min at 10,000 × g. The aqueous phase was 
then removed and phenol-chloroform-isoamylalcohol (25:24:1) extraction was repeated until the 
interface was void of cell debris. The aqueous phase was removed and the gDNA was recovered by 
the addition of 0.6 vol of isopropanol. Extracted gDNA was then ethanol precipitated and resuspended 
in 200 µL of TE buffer. RNA was removed using 2 μL of ribonuclease A (RNase; ≥70 Kunitz U/mg; 
Sigma) and incubated at room temperature for 15 min. gDNA was purified by repeating the phenol-
chloroform-isoamylalcohol extraction, recovered by isopropanol precipitation as previously described, 
and resuspended in TE buffer. Additional polysaccharides were removed following the protocol 
outlined in Wilson (2001). The quality of the extracted gDNA was analysed by 0.7% (w/v) agarose gel 
electrophoresis (Section 2.2.4), and quantified with a ND-1000 Nanodrop UV-vis spectrophotometer 
(Nanodrop Technologies, Wilmington, USA). High molecular weight gDNA was sent to BGI (Beijing 
Genome Institute, China) for genome sequencing via high throughput Illumina sequencing technology. 
BGI performed genome assembly and gene annotation using Glimmer Version 3.0. The draft genomes 
of W. intricata UH strain HT-29-1 and H. welwitschii UH strain IC-52-3 were deposited in the US 
DOE JGI IMG server under the Taxon ID 2529292565 and 2529292566, respectively.  
 
  
CHAPTER 2: GENOME MINING   40 
2.2.3 Polymerase chain reaction 
Polymerase chain reaction (PCR) was used to close any gaps in the nucleotide sequence of orphan 
NRPS/PKS gene clusters from W. intricata UH strain HT-29-1 and H. welwitschii UH strain IC-52-3 
genomes. Orphan NRPS/PKS gene clusters identified from these genomes were compared, and any 
potential gaps in the nucleotide sequences (N’s) were identified and targeted for sequencing. PCR was 
performed in a 20 or 50 μL reaction mixture containing 1 × PCR Buffer (KAPA Biosystems, 
Geneworks, Hindmarsh, Australia), 2.5 mM MgCl2, 1 pmol dNTPs (Fisher Biotec, Wembley, 
Australia), 10 pmol of specific forward and reverse primer (Geneworks, South Australia, Australia) 
(Appendix 2.6.1), 1 U of KapaTaq polymerase (KAPA Biosystems) and 50 ng of gDNA template. Pfu 
DNA polymerase (Sigma) was used in addition to KapaTaq at a ratio of 1:10 (U/U) for sequencing 
reactions. Hotstart PCR was performed by first heating the samples to 95°C prior to the addition of the 
polymerases. Thermal cycling was then performed with a 5 min denaturation cycle at 95°C, followed 
by 30 cycles of DNA denaturation at 95°C for 30 second (sec) and primer annealing at 55°C for 30 
sec. DNA strand extension was adjusted to 1 min per 1 kb of amplified product at 72°C. Thermal 
cycling was concluded with a final extension at 72°C for 7 min, and a final holding temperature of 
4°C. 
 
2.2.4 Agarose gel electrophoresis 
All agarose gel electrophoresis experiments were carried out using either 0.7% (w/v) or 1% (w/v) 
molecular grade agarose (BioRad), with 10 ng mL
-1
 of ethidium bromide (Sigma) added. Agarose gel 
electrophoresis was performed using a multiSUB Choice and multiSUB Mini horizontal gel unit 
(BiocomDirect, Bridge of Weir, UK) powered by a PowerStation 300 plus (Labnet International, 
Edison, USA) with 1 × TAE buffer (40 mM Tris-acetate, 1 mM EDTA (pH 8.0)). The gel 
electrophoresis 6 × loading buffer contained 0.25% (w/v) bromophenol blue, 0.25% (w/v) xylene 
cyanol FF and 30% (w/v) glycerol. DNA markers used for gel electrophoresis included a 100 bp and a 
1 kb marker (Fischer Biotec). Agarose gels were viewed on a BioRad ChemiDoc™ XRS+ system 
linked to Quality One 1-D Analysis Software Package (Version 4.6.5, Bio-Rad). 
 
2.2.5 PCR product purification  
2.2.5.1 Ethanol precipitation  
Ethanol precipitation was used to remove primers, dNTP’s, enzymes and buffers from PCR 
reactions. To ethanol precipitate, 0.1 vol of 3 M sodium acetate and 2 vol of absolute ethanol were 
added and gently mixed. DNA was allowed to precipitate for 20 min at -20°C. Precipitated DNA was 
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collected by centrifugation in an Eppendorf minispin plus centrifuge (Eppendorf, Hamburg, Germany) 
for 20 min at 14,100 × g. Pellets were then washed with 70% (v/v) ethanol and allowed to dry in front 
of an open flame. Dried pellets were resuspended in sterile TE buffer and heated to 55°C for 20 min to 
aid resuspension.  
2.2.5.2 Purification of DNA by agarose gel extraction  
The QIAquick spin gel extraction kit (QIAGEN, Valencia, USA) was used for purifying PCR 
products after separation via agarose gel electrophoresis (Section 2.2.4). The protocol was performed 
to the manufacturer’s specifications with some exceptions. The bands were excised from the agarose 
following gel electrophoresis and resuspended in three vol of QG buffer. The sample was then heated 
to 70°C for 20 min and mixed regularly by vortexing to liberate DNA. The addition of 10 µL of 3 M 
sodium acetate (pH 5) ensured the DNA would bind to the QIAquick column. Finally, the extracted 
DNA was eluted from the column with 30 µL of EB buffer to ensure a high concentration recovery. 
 
2.2.6 PCR product sequencing  
A PCR sequencing reaction contained 1 μL of Big-Dye® Terminator v3.1 (Applied Biosystems, 
Foster City, USA), 5 pol primer, 0.875 × sequencing buffer and either 20 to 50 ng of PCR product or 
100 to 500 ng of plasmid template. Thermal cycling was then performed at 96°C for 10 sec for 25 
cycles, 50°C for 5 sec, then 60°C for 4 min. Extended DNA was then purified by ethanol precipitation, 
and submitted to the Ramaciotti Centre for Genomics at the University of New South Wales for 
Sanger sequencing of the PCR amplicon. 
 
2.2.7 Bioinformatic software 
All nucleotide sequences obtained from Illumina genome sequencing, annotated open reading 
frames, sequencing results of PCR products, and nucleotide sequences of W. intricata UH strain HT-
29-1 and H. welwitschii UH strain IC-52-3 genomes were organised and visualised using Geneious 
Version 6.1.7 created by Biomatters (available from http://www.geneious.com/). The 11 publically 
available Subsection V cyanobacterial genomes were downloaded from either the NCBI repository or 
the DOE JGI server and visualised using Geneious Version 6.1.7. Alignments of nucleotide sequences 
were performed using Geneious Alignment with default settings. For protein alignments, Clustal 
Omega (Version 1.2.1) was used with default settings, except the order of the aligned sequences was 
changed from aligned to input (Sievers et al., 2011).  
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2.2.7.1 Genome mining of Subsection V cyanobacteria  
Putative secondary metabolite gene clusters were originally identified using antiSMASH Version 
2.0 (Blin et al., 2013) and default settings. Annotations were refined manually using CDsearch and 
BLASTp to identify conserved domains. Each biosynthetic gene cluster was first categorised into the 
type of natural product encoded within the gene cluster. Comparative genomics identified homologous 
clusters in the genomes of the Subsection V cyanobacteria, and their gene organisation was compared. 
Common gene clusters were also identified using the COG homology search tool in IMG JGI.   
2.2.7.1.a. Bioinformatic analysis of NRPS/PKS gene clusters 
The domain organisation of NRPS and PKS gene clusters identified by antiSMASH was further 
investigated using the NRPS/PKS database (Bachmann and Ravel, 2009). NRPS/PKS gene clusters 
were analysed to determine domain structure and those reported had standard domain organization 
(Fischbach and Walsh, 2006) as seen in the majority of other cyanobacterial NRPS/PKS gene clusters. 
Gene clusters located at the edge of contigs, encoding incomplete modules or containing gaps (N’s) in 
the nucleotide sequence were considered to be incomplete, unless stated otherwise. The A domain 
substrate specificity for NRPS enzymes was predicted using NRPSpredictor2 (Röttig et al., 2011). 
Furthermore, NaPDoS was used to identify C and KS domains (Ziemert et al., 2012).    
2.2.7.1.b. Bioinformatic analysis of PRPS gene clusters  
Cyanobactin and microvirdin biosynthetic gene clusters were first identified using antiSMASH 
(Blin et al., 2013) and BLASTp (Altschul et al., 1990) was then used to determine potential false 
positives. Protein alignments of precursor peptides were performed using Clustal Omega (Sievers et 
al., 2011). In order to identify putative bacteriocin HetP-type and DUF37-type precursors in the 
Subsection V cyanobacterial genomes, BLASTp was utilised using previously identified precursors 
(Ava_0198 was used to identify HetP-type precursors and Ava_4222 was used to identify DUF37-type 
precursors). N11P and NHLP-type precursors were identified using antiSMASH. The bacteriocin gene 
clusters were then manually divided into the seven groups previously described by Wang et al. (2011). 
The seven groups are separated based on the presence of specific genes and domains. There are two 
types of ABC transporter genes which encode C39 peptidases in bacteriocin gene clusters. The short 
type, which contain a C39 peptidase, an ABC transmembrane and an ATP-binding cassette domain, 
are found in groups III, IV and V. The long type, which contain an extra N-terminal nucleotide 
binding domain (CAP_ED), are found in group I, II and VI. The group V bacteriocin gene clusters 
also contain a gene encoding a bimodular protein contain only two CAP_ED domains. Groups IV and 
V also encode an additional ABC transporter with only an ABC transmembrane and an ATP-binding 
cassette domain. The group VII bacteriocin gene clusters contain a unique ABC transporter gene, 
which appears to be a fusion of a short and long type ABC transporter without the C39 peptidase 
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domain in the long type. A HlyD protein, containing a type_1_hlyD domain, is found in every group, 
whilst a SurA protein, containing a rotamase domain, is found in groups I, II and VI. Gene clusters 
which could not be classified into these groups were labelled as unclassified.  
2.2.7.1.c. Bioinformatic analysis of mys gene clusters  
The mys gene cluster contains four genes encoding 3-dehydroquinate synthase (3-DHQS), O-
methyltransferase (O-MT), ATP-Grasp and NRPS-like/ATP-ligase enzymes for MAA biosynthesis 
(Balskus and Walsh, 2010, Gao and Garcia-Pichel, 2011). To identify the mys gene cluster encoding 
MAA biosynthesis in the Subsection V cyanobacterial genomes, PCC9339DRAFT_04157 (encoding 
3-DHQS) of the previously identified mys gene cluster in Fischerella sp. PCC 9339 was used to 
performed a BLASTp search in the JGI/IMG database. Any positive matches were then manually 
searched for the essential O-MT, ATP-Grasp and NRPS-like/ATP-ligase enzymes downstream of the 
gene encoding 3-DHQS.   
2.2.7.1.d. Bioinformatic analysis of hydrocarbon, terpene and alkaloid gene clusters  
The hydrocarbon biosynthetic gene cluster was identified using known genes (HT291_00281 and 
HT291_02280) encoding the FAAR/ADO pathway in the Subsection V cyanobacteria (Coates et al., 
2014). The sulfurtransferase domain, characteristic of the OLS pathway, was used for BLASTp 
analysis. Terpene biosynthetic gene clusters were identified using antiSMASH, and grouped based on 
the presence of common genes, and compared to known terpene and squalene biosynthetic gene 
clusters. The alkaloids were identified by the presence of genes encoding tryptophan and GPP, 
proposed precursors for hapalindole biosynthesis. Further analysis of these gene clusters will be 
presented in Chapter 3. 
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2.3 RESULTS 
2.3.1 Genome sequencing of W. intricata UH strain HT-29-1 and H. welwitschii 
UH strain IC-52-3  
Whole genome sequencing and assembly of W. intricata UH strain HT-29-1 and H. welwitschii UH 
strain IC-52-3 was performed by BGI. W. intricata UH strain HT-29-1 was assembled into 220 
scaffolds encoding 6,086 coding sequences (CDS), whilst H. welwitschii UH strain IC-52-3 was 
assembled into 169 scaffolds encoding 6,209 CDS (Table 2.2). The genome size of W. intricata UH 
strain HT-29-1 was determined to be 7.05 Mb, while H. welwitschii UH strain IC-52-3 was slightly 
larger at 7.27 Mb. The GC content for W. intricata UH strain HT-29-1 was 40.13%, whilst H. 
welwitschii UH strain IC-52-3 was highly similar with a GC content of 40.21%. The genome size and 
GC content of W. intricata UH strain HT-29-1 and H. welwitschii UH strain IC-52-3 correlated well 
with previously sequenced Subsection V cyanobacterial genomes (Table 2.3).   
A survey of 102 housekeeping genes, previously identified as nearly universal in bacteria (Puigbo 
et al., 2009) were all identified in both W. intricata UH strain HT-29-1 and H. welwitschii UH strain 
IC-52-3 draft genomes (Appendix 2.6.2). The copy numbers of each housekeeping gene correlated 
well with the other previously sequenced cyanobacterial genomes, except for the diadenosine 
tetraphosphate hydrolase gene, as six copies were identified in the H. welwitschii UH strain IC-52-3 
genome, whilst only one copy has been identified in other cyanobacterial genomes. The identification 
of all 102 housekeeping genes within both cyanobacterial genomes suggested a near complete 
genome.   
Within the 7.05 Mb W. intricata UH strain HT-29-1 genome, 44 tRNAs and 6 rRNA operons were 
identified, whilst in the 7.27 Mb H. welwitschii UH strain IC-52-3 genome, 44 tRNAs and 10 rRNA 
operons were identified (Table 2.4). The largest percentage of annotated genes in both W. intricata UH 
strain HT-29-1 and H. welwitschii UH strain IC-52-3 (based on cluster of orthologous groups 
categories, COGs) appears to be involved in cell wall/membrane/envelope biogenesis (7%), amino 
acid transport and metabolism (6.7%) and signal transduction mechanisms (6%) (Figure 2.2). 
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Table 2.2: Summary of W. intricata UH strain HT-29-1 and H. welwitschii UH strain IC-52-3 genome 
sequencing analysis 
 W. intricata UH 
strain HT-29-1 
H. welwitschii UH 
strain IC-52-3 
Assembly 
results 
Scaffold number 220 169 
Average scaffold 
length 
32,049 42,875 
Max scaffold length 320,435 368,561 
Total scaffold length 7,050,886 7,274,072 
GC content (%) 40.13 40.21 
Annotation 
results 
Gene number 6,086 6,209 
% coding regions 80.41 81.11 
 
 
 
Table 2.3: Comparison of sequenced Subsection V cyanobacterial genomes 
Cyanobacterial genome Genome 
size (Mb) 
GC content 
(%) 
CDS  Number of 
scaffolds 
Fischerella sp. PCC 9339 8.01 40.12 6,720 13 
Fischerella sp. PCC 9431 7.17 40.17 6,104 8 
Fischerella sp. JSC-11 5.38 41.05 4,671 34 
Fischerella sp. PCC 9605 8.08 42.60 7,060 12 
Fischerella muscicola PCC 
7414 
6.90 41.26 6,060 270 
Fischerella muscicola SAG 
1427-1 
7.36 40.32 6,533 524 
Fischerella thermalis PCC 7521 5.44 41.02 4,660 141 
Mastigocladopsis repens PCC 
10914 
6.46 43.52 5,846 3 
Mastigocoleus testarum BC008 15.87 48.21 13,458 975 
Chlorogloeopsis fritschii PCC 
6912 
7.75 41.48 6,836 161 
Chlorogloeopsis sp. PCC 9212 7.65 41.50 6,717 188 
Westiella intricata UH strain 
HT-29-1 
7.05 40.13 6,016 220 
Hapalosiphon welwitschii UH 
strain IC-52-3 
7.27 40.21 6,139 169 
Average:  7.72 41.66 6,678 209.08 
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Table 2.4: RNA genome sequencing results 
  W. intricata UH strain HT-29-1 H. welwitschii UH strain IC-52-3 
  Number Total length 
(bp) 
Number Total length 
(bp) 
tRNA  44 3,331 44 3,331 
rRNA 5S 1 56 3 304 
 16S 2 2,737 2 2,111 
 23S 3 5,363 5 5,016 
 
 
 
 
 
 
Figure 2.2: COG functional categories of W. intricata UH strain HT-29-1 and H. welwitschii UH 
strain IC-52-3. 
The proportion of each group to the genome is presented as a percentage for both W. intricata UH 
strain HT-29-1 and H. welwitschii UH strain IC-52-3.  
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2.3.2 Secondary metabolite biosynthetic gene clusters 
A diverse range of secondary metabolite biosynthetic gene clusters were identified from the 
genomes of the Subsection V cyanobacteria. These ranged from the NRPS/PKS biosynthetic gene 
clusters, including a putative hapalosin gene cluster, to the RiPPs, including microviridn, cyanobactin 
and bacteriocin gene clusters. Additional gene clusters identified from the Subsection V 
cyanobacterial genomes included the UV-absorbing compounds (MAA and scytonemin), 
hydrocarbons, terpenes and the alkaloids (including the hapalindoles and welwitindolinones). Each 
Subsection V cyanobacteria dedicated between 0.87-3.5% of the genome to secondary metabolite 
biosynthesis (however, this may be an underestimation as the orphan NRPS/PKS gene clusters which 
appeared to be incomplete were not included in this calculation) (Table 2.5).  W. intricata UH strain 
HT-29-1 and Fischerella sp. PCC 9339 dedicated the highest percentage of their genome to secondary 
metabolite biosynthesis (~3.5%), followed closely by H. welwitschii UH strain IC-52-3, Fischerella 
sp. PCC 9431 (~3.3%). However, M. testarum BC008 dedicated the least percentage of its genome to 
secondary metabolite biosynthesis (~0.87%) (Table 2.5).  
 
  
 
 
  
 
 
Table 2.5: Total size and percentage of secondary metabolite biosynthetic gene clusters identified from the 
Subsection V cyanobacteria  
 
Subsection V 
cyanobacterium 
Type of cyanobacterial gene cluster and size (kb)
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RiPPs UV-
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Westiella intricata 
UH strain HT-29-1 
25.6 - 42.2 (1) - 11.7 82.5 7.4 - 2.3 19 59.3 3.5 
Hapalosiphon 
welwitschii UH 
strain IC-52-3 
25.6 - 56.6 (2) - - 71.2 7.4 - 2.3 19 55.8 3.3 
Fischerella sp. PCC 
9431 
25.8 - 57.5 (2) - - 66.5 7.4 - 2.3 19 57.1 3.3 
Fischerella sp. PCC 
9339 
- 67.5 75.5 (4) 8.8 - 65.7 6.6 - 2.2 13.6 44.9 3.5 
Fischerella 
muscicola SAG 
1427-1 
- - - - - 57.6 6.5 - 2.2 17.6 25.1 1.5 
Chlorogloeopsis 
fritschii PCC 6912 
- - 55.4 (2) - - 56.9 8.1 - 1.9 7.9 - 1.7 
Chlorogloeopsis sp. 
PCC 9212 
- - 55.4 (2) - - 56.9 8.1 - 1.9 7.9 - 1.7 
Mastigocoleus 
testarum BC008 
- - 43.1 (2) - - 74.1 8.3 - 2.0 9.8 - 0.87 
             
  
 
 Subsection V 
cyanobacterium 
Type of cyanobacterial gene cluster and size (kb)
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Mastigocladopsis 
repens PCC 10914 
- - 63.3 (4) - - 40.8 - 32.9 1.9 6.6 - 2.3 
Fischerella sp. PCC 
9605 
- - 38.3 (3) - - 103.2 - - 2.0 13.9 - 2.0 
Fischerella 
muscicola PCC 
7414 
- - - - - 52.7 - - 2.2 13.6 - 1.0 
Fischerella sp. 
JSC-11 
- - - - - 56.3 - - 2.2 13.5 - 1.3 
Fischerella 
thermalis PCC 
7521 
- - - - - 45.7 - - 2.2 13.5 - 1.1 
Ω 
Total size of all genes clusters within each category  
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2.3.3 NRPS/PKS biosynthetic gene clusters with known product  
2.3.3.1 Hapalosin gene cluster  
A candidate gene cluster for the biosynthesis of hapalosin was identified in three Subsection V 
cyanobacterial genomes, specifically H. welwitschii UH strain IC-52-3, W. intricata UH strain HT-29-
1 and Fischerella sp. PCC 9431, although hapalosin has only been reported from H. welwitschii UH 
strain IC-52-3 (Stratmann et al., 1994a). Using the previously identified fragments proposed to be part 
of the hap biosynthetic gene cluster as bait (D'Agostino, 2008), the complete putative hap biosynthetic 
gene cluster was identified within W. intricata UH strain HT-29-1, H. welwitschii UH strain IC-52-3 
and Fischerella sp. PCC 9431 genomes on a single scaffold (Figure 2.3). The gene cluster is proposed 
to be ~25.6 kb in length, comprising five genes, hapA-E (Table 2.6). Overall, there is greater than 
99.2% amino acid similarity between the three gene clusters, suggesting the proteins are homologous 
and likely perform the same function in all strains. The overall genetic architecture and domain 
organisation is consistent with the proposed biosynthesis of hapalosin (Figure 2.1). 
hapA encodes a protein with the domain organisation AS-ACP, which displays high similarity to 
HctA and JamA from the hectochlorin (hct) and jamaicamide (jam) biosynthetic gene clusters, 
respectively (Ramaswamy et al., 2007, Edwards et al., 2004). HctA is proposed to activate free 
hexanoic acid for initiation of hectochlorin biosynthesis, and JamA has been shown to activate 5-
hexynoic acid (Ramaswamy et al., 2007, Edwards et al., 2004). The AS domain of HapA is therefore 
likely to activate free octanoic acid (based on the structure of hapalosin, forming C1-C9 (Figure 2.1)).  
hapB, encoding a PKS module with the domain organisation KS-AT-CM-KR-ACP, likely 
incorporates malonyl-CoA to produce C9 and C10 of hapalosin, followed by methylation of C9 to 
produce C11 via SAM-dependent methylation, and reduction of the carbonyl group of C8 to a 
hydroxyl group. hapC displays high sequence similarity to HctE and HctF of the hct gene cluster, 
NpnA of the nostophycin gene cluster and CrpD of the cryptophycin gene cluster (Ramaswamy et al., 
2007, Fewer et al., 2011, Magarvey et al., 2006a). HctE, HctF, NpnA and CrpD all contain a unique 
A-KR didomain within a NRPS module. These KR domains are found embedded between the core 
motifs A8 and A9 of the A domain (Magarvey et al., 2006b). The invariable Asp235 of the A domain 
binding pocket of the A-KR didomain has been replaced by Val235 in HapC in all three gene clusters 
(Table 2.7). This replacement is characteristic of the A-KR didomain, in which non-amino acid 
substrates are activated. The A domain of HctE and HctF has been shown to incorporate 2-
oxoisovaleric acid through ATP-PPi exchange assays (Ramaswamy et al., 2007). The A domain 
binding pocket of HapC is identical HctE and HctF, suggesting an identical substrate is incorporated 
(Table 2.7). Therefore, hapC, encoding an NRPS module with the domain organisation C-A-KR-PCP 
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is proposed to incorporate 2-oxoisovaleric acid, which can then be reduced to 2-hydroxyisovaleric 
acid, to produce C12 and C13 of hapalosin.  
hapD encodes a single NRPS with the domain organisation C-A-NM-PCP. Analysis of the A 
domain binding pocket from HapD suggests phenylalanine is selected and activated by HapD (Table 
2.7), to produce C14 and C15 of hapalosin. Subsequent N-methylation of phenylalanine by the NM 
domain leads to the biosynthesis of C16. These results are consistent with the observed methylated 
phenylalanine in the structure of hapalosin.   
hapE encodes a single PKS module with the domain organisation KS-AT-KR-ACP-TE, which is 
identical to the PKS organisation of JamP. Analysis of the AT domain of HapE suggests malonyl-CoA 
is incorporated, forming C17 and C18 of hapalosin. Subsequent reduction of the carbonyl group of 
C15 produces the hydroxyl group. The TE domain is proposed to break the thioester bond connecting 
the hapalosin chain to the ACP domain, enabling the oxygen of C8 to attack C18, forming the cyclized 
final structure of hapalosin. 
2.3.3.2 Microcystin gene cluster  
The only known NRPS/PKS gene cluster previously identified from the Subsection V 
cyanobacterial genomes is the mcy gene cluster from Fischerella sp. PCC 9339. According to Shih et 
al. (2013), the 67.5 kb gene cluster encodes mcyA-I, and there is an additional PKS gene with partial 
sequence similarity to npnA from the nostophycin gene cluster from Nostoc sp. 152 (Fewer et al., 
2011), and mcyB is located on the border of two contigs. The remaining Subsection V cyanobacterial 
genomes were screened for a mcy and other toxin biosynthetic gene clusters, however, no other toxin 
biosynthetic gene clusters were identified.   
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Figure 2.3: Hapalosin biosynthetic gene cluster from H. welwitschii UH strain IC-52-3. 
The same gene cluster (genes and domain organisation) was identified in the genomes of W. intricata UH strain HT-29-1 and Fischerella sp. PCC 9431. 
 
 
 
 
 
  
 
 
 
 
 Table 2.6: BLASTp analysis of the hap biosynthetic gene cluster  
Protein 
Name: 
Length 
(aa): 
% 
similarity
£
 
Proposed function: Top BLASTp results:  % Identity 
/Similarity
€ 
Accession No. 
HapA 708 99.3 Initiation Module: AS-ACP HctA, Moorea producens  54/71 AAY42393 
HapB 1,979 99.4 PKS: KS-AT-CM-KR-PCP HctD, Moorea producens 46/63 AAY42396 
HapC 2,348 99.5 NRPS: C-A-KR-PCP HctF, Moorea producens 47/63 AAY42398 
HapD 1,526 99.2 NRPS: C-A-NM-PCP ApdB, Anabaena sp. 90 64/76 YP_006996377 
HapE 1,824 99.1 PKS: KS-AT-KR-ACP-TE JamP, Moorea producens 56/72 AAS98787 
£
Amino acid similarity between Hap proteins from H. welwitschii UH strain IC-52-3, W. intricata UH strain HT-29-1 and 
Fischerella sp. PCC 9431 
€
Based on H. welwitschii UH strain IC-52-3 
 
 
 
Table 2.7: Analysis of A domain binding pockets from the hap gene cluster  
Protein Binding pocket amino acids Substrate Reference 
 235 236 239 278 299 301 322 330   
HctE V G V W L A L F 2-oxoisovaleric acid (Ramaswamy et al., 2007) 
HctF V G V W L A L F 2-oxoisovaleric acid (Ramaswamy et al., 2007) 
HapC
€ 
V G V W L A L F 2-oxoisovaleric acid
£ 
This study  
HapD
€ 
D A W T I A A V Phenylalanine
Ʊ 
This study 
GrsA D A W T I A A I Phenylalanine  (Challis et al., 2000) 
€
Identical binding pocket between H. welwitschii UH strain IC-52-3, W. intricata UH strain HT-29-1 and Fischerella sp. PCC 
9431 
£
Proposed substrates based on identical binding pocket residues with HctE and HctF from hct gene cluster and hapalosin 
structure 
Ʊ
Proposed substrate based on near identical binding pocket residues of GrsA and hapalosin structure  
  
CHAPTER 2: GENOME MINING  55 
2.3.4 Orphan NRPS/PKS biosynthetic gene clusters 
A total of 103 NRPS/PKS/Hybrid gene clusters were identified from the Subsection V 
cyanobacterial genomes. Analysis of the NRPS and PKS domain composition enabled these gene 
clusters to be divided into those likely to encode NRPS/PKS natural products, and those which appear 
to be incomplete gene clusters. A total of 17 gene clusters were identified from nine of the Subsection 
V cyanobacterial genomes which appear to be complete and have been given arbitrary cluster 
identification numbers (Appendix 2.6.3). Comparison of these gene clusters with the remaining gene 
clusters identified two gene clusters that are incomplete, but share homology with a complete gene 
cluster from another genome (Appendix 2.6.3). The remaining gene clusters were categorised as 
incomplete, either encoding incomplete modules, gaps in nucleotide sequence, or located on contig 
borders (Appendix 2.6.3). These incomplete gene clusters will not be discussed in this chapter. Of the 
17 gene clusters likely to encode NRPS/PKS natural products, 10 encode an initiation module 
containing an AS domain, which likely selects for a fatty acid molecule as the starter unit for 
biosynthesis, such as those observed in the hct, jam and hap gene clusters.   
2.3.4.1 Gene clusters encoding NRPS/PKS modules  
Three NRPS gene clusters (Cluster 1-3) were identified from four Subsection V cyanobacterial 
genomes which lack a C domain in the initiation module. An orphan gene cluster from 
Chlorogloeopsis sp. PCC 9212 and C. fritschii PCC 6912 contains a single 7.6 kb gene encoding two 
NRPS modules (Figure 2.4, Cluster 1). Analysis of the A domain binding pocket suggests proline and 
glycine are selected. A 6.8 kb orphan NRPS gene cluster from M. repens PCC 10914 encodes two 
NRPS modules (Figure 2.4, Cluster 2), which selects for pipecolic acid and glutamine. An orphan 
gene cluster from Fischerella sp. PCC 9605 contains a single NRPS gene encoding two NRPS 
modules (Figure 2.4, Cluster 3). Analysis of the A domain binding pockets suggests glutamine and 
glutamic acid are selected.  
There are four additional gene clusters (Clusters 14-17) which also contain genes encoding NRPS 
modules, however, the first module also encodes a C domain. It is unclear if these gene clusters are 
incomplete (missing an initiation module) or if these gene clusters encode an NRPS natural product. 
Initiation NRPS modules which contain a C domain can produce natural products. These natural 
products commonly contain N-acetlated peptides (Fischbach and Walsh, 2006). Two of these gene 
clusters (Cluster 14 and 15) contain only genes encoding NRPS/PKS modules. Cluster 14 is a 24.3 kb 
orphan NRPS gene cluster from Fischerella sp. PCC 9339 which encodes six NRPS modules (Figure 
2.4, Cluster 14). Analysis of the A domain binding pocket suggests tyrosine, glutamic acid, serine, 
valine, proline and tyrosine are selected. Cluster 15 is an orphan gene cluster from M. repens PCC 
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10914 which contains a single 4.2 kb gene encoding an NRPS module, which selects for the amino 
acid threonine (Figure 2.4, Cluster 15).  
The remaining 10 gene clusters which likely encode a NRPS/PKS natural product all encode an 
initiation module containing an AS domain, which likely selects for a fatty acid molecule as the starter 
unit for biosynthesis, such as those observed in the jam, hct and hap gene clusters. Two of these gene 
clusters contain only genes encoding NRPS/PKS modules. The 10.8 kb orphan NRPS/PKS gene 
cluster from Fischerella sp. PCC 9605 contains two genes which encode two NRPS modules. The A 
domains are specific for arginine and asparagine, whilst the initiation module contains an AS domain 
for fatty acid selection (Figure 2.4, Cluster 4). The 24.1 kb orphan NRPS/PKS gene cluster from 
Fischerella sp. PCC 9339 contains four genes and encodes two NRPS and two PKS modules. The 
initiation module also contains an AS domain. Analysis of the A domain binding pocket suggests the 
rare amino acid D-lysergic acid and alanine are selected and activated by the A domain (Figure 2.4, 
Cluster 5).  
2.3.4.2 Gene clusters encoding dioxygenases and/or glycosyltransferase proteins  
Four NRPS/PKS gene clusters identified from the Subsection V cyanobacterial genomes (Cluster 
6-9) contained genes encoding for dioxygenases and glycosyltransferases. A 42.2 kb orphan 
NRPS/PKS gene cluster containing dioxygenase genes was identified from W. intricata UH strain HT-
29-1 and Fischerella sp. PCC 9431. A highly similar 41.3 kb gene cluster was also identified from H. 
welwitschii UH strain IC-52-3 (Figure 2.4, Cluster 6). The gene cluster contains 12 genes, encoding an 
initiation module containing an AS domain, seven NRPS modules and one PKS module. Analysis of 
the seven A domains suggests asparagine, glycine, asparagine, arginine, serine, histidine and proline 
are all selected and activated by each successive A domain. The gene cluster also contains two 
dioxygenase genes and two aminotransferase genes. Furthermore, the gene cluster from H. welwitschii 
UH strain IC-52-3 contains an additional gene encoding a methyltransferase. A single 40.3 kb 
NRPS/PKS gene cluster from M. repens PCC 10914 encodes an initiation module with an AS domain 
for fatty acid selection, seven NRPS modules, a single PKS module, one dioxygenase gene and an 
aminotransferase gene (Figure 2.4, Cluster 7). Analysis of the seven A domain binding pockets 
suggests beta-hydroxy-tyrosine, glycine, asparagine, serine, aspartic acid and ornithine are selected by 
the A domain. 
An orphan NRPS/PKS gene cluster, containing both dioxygenase and glycosyltransferase genes, 
was identified from Chlorogloeopsis sp. PCC 9212 and C. fritschii PCC 6912 (47.8 kb) (Figure 2.4, 
Cluster 8). Four of these genes share homology to a gene cluster identified from M. testarum BC008 
(14.9 kb). The orphan gene cluster encodes an initiation module with an AS domain for fatty acid 
selection, seven NRPS modules, two PKS modules, one glycosyltransferase gene, two dioxygenase 
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genes, and methyltransferase and aminotransferase genes. Analysis of the A domain binding pocket 
suggests serine, glycine, asparagine, ornithine, serine, asparagine and ornithine are selected and 
activated. The 28.3 kb gene cluster from M. testarum BC008 contains 11 genes, including an initiation 
module encoding an AS domain, two PKS modules, three NRPS modules (which select asparagine, 4-
hydroxy-phenyl-glycine and tyrosine), an aspartate racemase, a hypothetical protein and two 
dioxygenase genes. The gene cluster also contains a lysine 2,3-aminomutase gene (Figure 2.4, Cluster 
9).  
2.3.4.3 Gene clusters encoding fatty acid synthases and desaturases  
There are two gene clusters identified from the Subsection V cyanobacterial genomes (Cluster 10 
and 11) which contain fatty acid desaturase genes within a NRPS/PKS gene cluster. An orphan 16.7 
kb PKS gene cluster from Fischerella sp. PCC 9339 contains 11 genes, encoding an initiation module 
with AS domain, one PKS module, three fatty acid desaturase genes, and genes encoding an 
aminotransferase, a hypothetical protein and a transposase (Figure 2.4, Cluster 10). An orphan PKS 
gene cluster from Fischerella sp. PCC 9339 contains eight genes spanning 10.4 kb, and encodes an 
initiation module with an AS domain, one PKS module, a single fatty acid desaturase, and genes 
encoding a methyltransferase, oxidase, hypothetical protein and transposase (Figure 2.4, Cluster 11).  
2.3.4.4 Gene clusters encoding hypothetical proteins  
There are four gene clusters identified from the Subsection V cyanobacterial genomes (Clusters 11-
13 and 16) which contain genes encoding hypothetical proteins. The 16.1 kb orphan PKS gene cluster 
from Fischerella sp. PCC 9605 contains seven genes encoding an initiation module with an AS 
domain, two PKS modules, a short chain dehydrogenase and two hypothetical proteins (Figure 2.4, 
Cluster 12). The 14.8 kb orphan PKS gene cluster from M. testarum BC008 encodes an AS domain in 
the initiation module, a PKS module, a methyltransferase domain and two hypothetical proteins 
(Figure 2.4, Cluster 13). An 11.8 kb orphan NRPS gene cluster from M. repens PCC 10914 encodes 
three NRPS modules (which selects isoleucine, leucine and phenylalanine), and two hypothetical 
proteins (Figure 2.4, Cluster 16).  
2.3.4.5 Gene clusters encoding asparagine synthases and/or racemase  
A NRPS/PKS gene cluster was identified from the Subsection V cyanobacterial genomes 
containing genes encoding for asparagine synthase and/or racemase. A 15.3 kb orphan NRPS gene 
cluster was identified from H. welwitschii UH strain IC-52-3 and Fischerella sp. PCC 9431 containing 
five genes, two of which encoded an asparagine synthase and racemase (Figure 2.4, Cluster 17). The 
gene cluster encodes three NRPS modules, which select and incorporate the amino acids aspartate, 4-
hydroxy-phenyl-glycine and tyrosine. The gene encoding the final NRPS module was also identified 
from the genome of F. muscicola SAG 1427-1 (3.4 kb).  
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Figure 2.4: Complete orphan NRPS/PKS gene clusters identified from the Subsection V cyanobacterial genomes. 
The genomes in which the orphan gene clusters were identified are stated to the left of each cluster (WI HT-29-1: W. intricata UH strain HT-29-
1, HW IC-52-3: H. welwitschii UH strain IC-52-3, FS PCC 9431: Fischerella sp. PCC 9431, FS PCC 9399: Fischerella sp. PCC 9339, FM SAG 
1427-1: Fischerella muscicola SAG 1427-1, CF PCC 6912: Chlorogloeopsis fritschii PCC 6912, CS PCC 9212: Chlorogloeopsis sp. PCC 9212, 
MT BC008: Mastigocoleus testarum BC008. MR PCC 10914: Mastigocladopsis repens PCC 10914, FS PCC 9605: Fischerella sp. PCC 9605). 
Fragments of gene clusters, or differences from the gene cluster, shown are noted in the image.  
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2.3.5 RiPP biosynthetic gene clusters 
2.3.5.1 Cyanobactin biosynthetic gene cluster 
Cyanobactins, N-C terminally cyclised peptides, are often prenylated or contain heterocyclised 
cysteine, serine or threonine residues, however linear cyanobactins have recently been discovered 
(Leikoski et al., 2013, Donia and Schmidt, 2010). A single cyanobactin biosynthetic gene cluster was 
identified from the Subsection V cyanobacteria, specifically from the genome of W. intricata UH 
strain HT-29-1 (Figure 2.5A, Cluster 18). The cyanobactin gene cluster from W. intricata UH strain 
HT-29-1 appeared to be intact, although a truncated homolog of the non-essential tenC gene was 
present in the gene cluster. Shih et al. (2013) identified a cyanobactin gene cluster from M. repens 
PCC 10914, however, only single genes encoding substilisin-like serine proteases (S8 peptidase) were 
present. Other genes involved in cyanobactin biosynthesis were not identified within the genome, 
indicating a cyanobactin gene cluster is not present within the M. repens PCC 10914 genome.   
The putative 11.7 kb cyanobactin biosynthetic gene cluster from W. intricata UH strain HT-29-1 
encodes seven genes, which share homology to the tenuecyclamide (ten) gene cluster from Nostoc 
spongiaeforme var. tenue (Donia et al., 2008, Schmidt et al., 2005). Within the putative cyanobactin 
gene cluster from W. intricata UH strain HT-29-1, HT291_05652 demonstrateed homology with 
TenE, the precursor peptide for tenuecyclamide biosynthesis. Protein alignments of HT291_05652 
with other known cyanobactin precursors revealed the presence of the highly conserved LAELSEE 
motif in the leader sequence, and the presence of four core peptide sequences. Comparison of the four 
core peptide sequences revealed one (TAACAG) and three (TAACAC) copies of the core peptide 
sequences, suggesting two different cyanobactins are biosynthesised by W. intricata UH strain HT-29-
1 (Figure 2.5B).  
The remaining genes in the W. intricata UH strain HT-29-1 cyanobactin gene cluster are required 
for modifications of the precursor peptide. HT291_05656 and HT291_05647, which are homologous 
to TenA and TenG, were predicted to cleave the N- and C-terminus of the precursor peptide, 
respectively. Furthermore, PatG (homologous to TenG) has been shown to be responsible for 
macrocyclisation to form the final cyclic peptide (Koehnke et al., 2012), suggesting the final peptide 
from W. intricata UH strain HT-29-1 may also be cyclised. HT291_05655 and HT291_05654 are 
homologous to TenB and TenC, respectively, however, these proteins have been shown to be 
nonessential for cyanobactin biosynthesis (Donia et al., 2008).  
Tenuecyclamides contain heterocyclised amino acids (Banker and Carmeli, 1998), which are 
proposed to be catalysed by TenD (proposed heterocyclases) and the oxidase domain of TenG (Donia 
et al., 2008). HT291_05653 is homologous to PatD/TenD, whilst HT291_05647 is homologous to 
TenG and contains an oxidase domain, suggesting the tyrosine and cysteine residues in the core 
 CHAPTER 2: GENOME MINING  65 
peptide sequences may be heterocyclised in the final product. Furthermore, a homologous protein to 
the putative prenyltransferase TenF was identified in the cyanobactin gene cluster from W. intricata 
UH strain HT-29-1 (HT291_05650). The presence of this gene in the cyanobactin gene cluster from 
W. intricata UH strain HT-29-1 suggested tyrosine may also be prenylated in the final cyanobactin 
product.           
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Figure 2.5: Cyanobactin gene cluster from W. intricata UH strain HT-29-1 and precursor analysis 
 A) The cyanobactin gene cluster from W. intricata UH strain HT-29-1 was aligned with the ten gene cluster from Nostoc spongiaeforme var. tenue. B) 
Alignments of cyanobactin precursor peptides encoding multiple cyanobactins with precursor peptide sequence from W. intricata UH strain HT-29-1. The 
highly conserved LAELSEE motif is indicated above the precursor peptide sequences. The core peptide sequences are indicated in the box. Copies of each 
core peptide sequence range from one to four copies. W. intricata UH strain HT-29-1 encodes two different cyanobactins, with one (TAACAG) and three 
(TAACAC) copies of each core peptide. LynE from aestuaramide gene cluster (Lyngbya sp. PCC 8106) (Donia et al., 2006, McIntosh et al., 2013), McaE 
from microcyclamide gene cluster  (Microcystis aeruginosa PCC 7806, PCC 9809 and PCC 9806, respectively) (Ziemert et al., 2008b, Leikoski et al., 
2013), TruE1 ,2, 3 from trunkamide gene cluster  (Prochloron) (Donia et al., 2006), PatE from patellamide gene cluster (Prochloron) (Schmidt et al., 2005), 
VirE from viridisamide gene cluster (Oscillatoria nigro-viridis PCC 7112) (Leikoski et al., 2013), AgeE from aeruginosamide gene cluster (Microcystis 
aeruginosa PCC 9432) (Leikoski et al., 2013), TenE from tenuecyclamide gene cluster (Nostoc spongiaeforme var. tenue) (Donia et al., 2008); 
HT291_05652 from putative cyanobactin biosynthetic gene cluster (Westiella intricata UH strain HT-29-1).   
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2.3.5.2 Microviridin biosynthetic gene cluster 
A single microviridin (mvd) biosynthetic gene cluster was identified from the Subsection V 
cyanobacteria, specifically from Fischerella sp. PCC 9339 (Figure 2.6A, Cluster 19). The novel eight 
gene biosynthetic cluster displays high sequence similarity with the mvd gene cluster from 
Planktothrix agardhii NIVA-CYA 126/8 (Philmus et al., 2008). The 8.8 kb mvd gene cluster from 
Fischerella sp. PCC 9393 encodes two precursor peptides (PCC9339DRAFT_05343 and 
PCC9339DRAFT_05346). Protein alignments of these precursor peptides with other known 
microviridin precursor peptide sequences revealed the Fischerella sp. PCC 9339 peptide sequences 
were novel, therefore, the encoded microviridin variant could not be proposed (Figure 2.6B). The 
putative mvd gene cluster from Fischerella sp. PCC 9339 encodes two cyclisation proteins for amide 
and ester bond formation (homologous to MvdC and MvdD), as well as an ABC transporter 
(homologous to MvdA). Furthermore, the putative mvd gene cluster from Fischerella sp. PCC 9339 
also encodes a protein similar to GCN5-related N-acetyltransferase proteins. The microviridin gene 
cluster from M. aeruginosa NIES 298 also encodes MdnD, a GCN5-related N-acelyltransferase, 
suggesting the microviridin variant produced by Fischerella sp. PCC 9339 may be acetylated (Ziemert 
et al., 2008a). Finally, the putative mvd gene cluster from Fischerella sp. PCC 9339 also encodes a 
protein belonging to the GUN4 superfamily and a hypothetical protein. A putative mvd biosynthetic 
gene cluster from N. spumigena CCY 9414 also encodes a protein belonging to the GUN4 
superfamily, however, the function and/or involvement of these proteins in microviridin biosynthesis 
remains unknown (Philmus et al., 2008).   
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Figure 2.6: Microviridin gene cluster from Fischerella sp. PCC 9339 and precursor analysis. 
A) The microviridin gene cluster from Fischerella sp. PCC 9339 was aligned with the mvd gene cluster from Planktothrix agardhii NIVA-CYA 126/8. B) 
Alignment of selected known microviridin precursor peptide sequences with new putative microviridin precursor peptide sequences from Fischerella sp. PCC 
9339. The PFFARFL region of the leader peptide and the conserved core peptide region are identified in the boxes. MdnA prepeptide sequences from 
uncultured Microcystis sp. clones pRus01-07 (GenBank: KF742389-KF742395), uncultured Microcystis sp. clones pFos15 and 19 (GenBank: KF742386 and 
KF742388), Microcystis UOWOCC MRC (GenBank: CAQ16121), Microcystis aeruginosa NIES-298 (GenBank: CAQ16116), Microcystis aeruginosa NIES-
843 (GenBank: BAG02233) and MvdE from Planktothrix agardhii NIVA-CYA 126/8 (GenBank: ACC54551-ACC54552).  
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2.3.5.3 Bacteriocin biosynthetic gene clusters 
Bacteriocins are another major class of RiPPs identified from cyanobacteria. Bacteriocins are 
encoded within short ribosomally produced precursor peptides, which contains both the core peptide 
and leader peptide (Oman and van der Donk, 2010). The leader peptide is then cleaved by a C39 
peptidase domain during maturation (Havarstein et al., 1995). The core peptide sequence can then 
undergo further post-translational modification, including macrocyclisation, dehydration, 
heterocyclization, as well as lanthionine formation, to produce the final RiPP (Willey and van der 
Donk, 2007, Goto et al., 2010). From the 13 Subsection V cyanobacterial genomes analysed, a total of 
116 bacteriocin gene clusters were identified (Table 2.8). The gene clusters were organised into the 
seven groups according to Wang et al. (2011) (Figure 2.7), however, there were nine gene clusters 
which were unable to be classified (Table 2.8). 
The group I were the most abundant type identified from the Subsection V cyanobacterial 
genomes, with 38 gene clusters identified from the 13 genomes analysed. Six of the group I 
bacteriocin gene clusters contained a gene encoding M41 peptidases, which were not previously 
identified in other bacteriocin gene clusters. A total of 15 group II bacteriocin gene clusters were 
identified in ten Subsection V cyanobacteria (Table 2.8). Genes encoding the M16 peptidase (a 
characteristic of the group II bacteriocin gene clusters) were only identified from the genomes of M. 
repens PCC 10914 and Fischerella sp. PCC 9605 (Appendix 2.6.4).  
The second most abundant group of bacteriocin gene clusters was group III, with a total of 21 
bacteriocin gene clusters identified in all but one Subsection V cyanobacterial genomes (Table 2.8). 
The group IV bacteriocin gene clusters, which contain the LanM-type genes, were identified in eleven 
of the Subsection V cyanobacterial genomes. The single LanM gene was identified in six genomes (H. 
welwitschii UH strain IC-52-3, Fischerella sp. PCC 9431, M. testarum BC008, M. repens PCC 10914, 
Chlorogloeopsis sp. PCC 9212 and C. fritschii PCC 6912), however, in the genomes of 
Chlorogloeopsis sp. PCC 9212 and C. fritschii PCC 6912, a single type 2 lantibiotic gene was 
identified clustered with the LanM gene (Appendix 2.6.4). The group IV bacteriocin gene cluster from 
Fischerella sp. PCC 9605 encodes an S8 peptidase, which according to Wang et al. (2011), has only 
been previously identified in group VI bacteriocin gene clusters. Seven group V bacteriocin gene 
clusters were identified, including genes from H. welwitschii UH strain IC-52-3 which were identified 
on two separate scaffolds but predicted to be part of the same gene cluster (Appendix 2.6.4). The 
group VI bacteriocin gene clusters were identified in every Subsection V cyanobacterial genome 
except from M. testarum BC008. No group VII bacteriocin gene clusters, containing the fused ABC 
transporter, were identified from the Subsection V cyanobacterial genomes.  
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Within each of the Subsection V cyanobacterial genomes, a single putative HetP-type precursor 
was identified from a group I bacteriocin gene cluster. Protein alignments of these putative precursors 
with previously identified HetP type precursors from Wang et al. (2011) identified the leader peptide 
cleavage motif (KIxDLxYLEx10GG) (Appendix 2.6.4).  
The putative DUF37-type precursors were also identified from all the Subsection V cyanobacterial 
genomes, however, none of these genes were clustered with other bacteriocin biosynthetic genes. 
Protein alignments of these putative precursors with previously identified DUF37 precursors identified 
by Wang et al. (2011) enabled the identification of a putative leader peptide cleavage motif from the 
Subsection V cyanobacterial precursors (Appendix 2.6.4). These precursors do not demonstrate 
sequence similarity to any known proteins in the NCBI database, and therefore their function cannot 
be predicted at this time.  
The N11P-type precursor peptide was identified in all of the Subsection V cyanobacterial genomes, 
ranging from one to two copies per genome. However, the double glycine motif for peptide cleavage 
was unable to be identified in any of the precursor peptide sequences (Appendix 2.6.4). The NHLP-
type precursor was only identified from one of the Subsection V cyanobacterial genomes, specifically 
from Fischerella sp. PCC 9605. This putative precursor peptide was aligned with selected NHLP 
precursor peptides from N. punctiforme PCC 73102, and a conserved region near the peptide cleavage 
site (double glycine motif) was identified (Haft et al., 2010) (Appendix 2.6.4). 
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Table 2.8: Summary of bacteriocin biosynthetic gene clusters identified from 
Subsection V cyanobacteria, separated into groups according to Wang et al., 
(2011) 
Organism  I II III IV V VI VII Unclassified Total 
Westiella intricata 
UH strain  
HT-29-1 3 2 1 1 1 1 0 0 9 
Hapalosiphon 
welwitschii UH 
strain IC-52-3 3 2 1 2 1 1 0 0 10 
Fischerella sp. 
PCC 9339 3 2 1 0 1 1 0 1 9 
Fischerella sp. 
PCC 9605 4 2 2 1 1 1 0 1 12 
Fischerella sp. 
PCC 9431 4 1 1 1 1 1 0 0 9 
Fischerella sp. 
JSC-11 3 1 2 1 0 1 0 0 8 
Fischerella 
muscicola SAG 
1427-1 3 1 1 1 1 1 0 0 8 
Fischerella 
muscicola PCC 
7414 3 1 2 0 0 1 0 1 8 
Fischerella 
thermalis PCC 
7521 3 0 2 1 0 1 0 0 7 
Chlorogloeopsis 
sp. PCC 9212 2 0 3 2 0 1 0 2 10 
Chlorogloeopsis 
fritschii PCC 
6912 2 0 3 2 0 1 0 2 10 
Mastigocoleus 
testarum BC008 3 2 2 1 1 0 0 1 10 
Mastigocladopsis 
repens PCC 
10914 2 1 0 1 0 1 0 1 6 
Total:  38 15 21 14 7 12 0 9 116 
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Figure 2.7: Examples of bacteriocin gene clusters from the Subsection V cyanobacteria. 
The six different groups (classified according to Wang et al. (2011)) identified from the Subsection V cyanobacteria are represented. The group I gene cluster 
shown was identified from W. intricata UH strain HT-29-1; group II gene cluster shown was identidied from M. repens PCC 10914 (Locus Tag: 
Mas10914DRAFT_xxxx); the group III and IV gene clusters shown were identidied from H. welwitschii UH strain IC-52-3; the group V gene cluster shown 
was identified from Fischerella sp. PCC 9431 and the group VI gene cluster shown was identified from Fischerella sp. PCC 9605. Putative precursor genes 
are represented by a red arrow, HlyD genes are represented by orange arrow, SurA genes are represented by green arrow, ABC transporter genes are 
represented by green arrow, other modification enzymes are represented by purple arrow, S8 peptidase genes are represented by yellow arrow and LanM 
genes are represented by pink arrow. Domains involved in cyanobacterial bacteriocin production and modification are highlighted under each gene (domain 
names derived from the Conserved Domain Database) (Marchler-Bauer et al., 2011).  
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2.3.6 UV-absorbing biosynthetic gene clusters 
The mys gene cluster was identified in five Subsection V cyanobacterial genomes in this study, 
including W. intricata UH strain HT-29-1, H. welwitschii UH strain IC-52-3, Fischerella sp. PCC 
9431, M. testarum BC008, F. muscicola SAG 1427-1 and Chlorogloeopsis sp. PCC 9212 (Figure 2.8). 
The mys gene cluster has previously been identified in three Subsection V cyanobacterial genomes, 
specifically Fischerella sp. PCC 9339 (Shih et al., 2013), Fischerella sp. PCC 9431 (Calteau et al., 
2014) and C. fritschii PCC 6912 (Gao and Garcia-Pichel, 2011). All eight mys gene clusters contain 
the three genes required for the biosynthesis of mycosporine-glycine, the precursor peptide for 
shinorine biosynthesis. All eight gene clusters also encode an NRPS-like enzyme to convert 
mycosporine glycine to shinorine, identical to the biosynthetic pathway pathway in A. variabilis 
ATCC 29413, as reported by Balskus and Walsh (2010). However, the domain organisation of the 
NRPS-like enzyme varies between the cyanobacterial strains. The majority of the identified gene 
clusters encode the domain organisation A-PCP-TE (Figure 2.8A, Cluster 26), identical to the 
characterised NRPS-like enzyme from A. variabilis ATCC 29413. However, three cyanobacterial 
strains (C. fritschii PCC 6912, Chlorogloeopsis sp. PCC 9212 and M. testarum BC008) also encode a 
C domain at the N-terminus (Figure 2.8B, Cluster 27). Regardless, the A domain binding pocket 
encoded in the NRPS-like enzyme is specific for serine in all strains (Table 2.9), suggesting all eight 
Subsection V cyanobacteria are capable of biosynthesising the MAA shinorine. An additional gene 
was identified downstream from the NRPS-like enzyme in three Subsection V cyanobacterial strains, 
specifically in W. intricata UH strain HT-29-1, H. welwitschii UH strain IC-52-3 and Fischerella sp. 
PCC 9431 (Figure 2.8C, Cluster 28). The encoded protein belongs to the prephenate/arogenate 
dehydrogenase family, which catalyse the conversion of prephenate to tyrosine in the shikimate 
pathway.  
The scy biosynthetic gene cluster was only identified within the M. repens PCC 10914 genome 
(Figure 2.8D, Cluster 29). The 32.9 kb gene cluster is similar to the scy gene cluster from N. 
spumigena CCY9414 (Sorrels et al., 2009), however the gene cluster from M. repens PCC 10914 
encodes a transposase downstream of scyF.  
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Table 2.9: A domain binding pocket of NRPS-like enzyme identified in mys gene clusters from 
Subsection V cyanobacteria 
Cyanobacteria A domain binding pocket Amino acid 
 235 236 239 278 299 301 322 330 331 517  
Ava_3855 D V W H I S L I D K Serine 
PCC9339DRAFT_04
154 
D V W H I S L I D K Serine 
UYCDRAFT_ 
06620 
D V W H I S L I D K Serine 
HT291_02286 D V W H I S L I D K Serine 
IC523_01960 D V W H I S L I D K Serine 
Fis9431DRAFT_ 
4778 
D V W H I S L I D K Serine 
UYGDRAFT_ 
04365 
D V W H I S L I D K Serine 
YYIDRAFT_ 
08384 
D V W H I S L I D K Serine 
UYEDRAFT_ 
04554 
D V W H I S L I D K Serine 
  
A) 
Cluster 26 
 
 
 
B) 
Cluster 27 
 
 
 
C) 
Cluster 28 
 
 
 
 
D) 
Cluster 29 
 
  
 
 
 
Figure 2.8: MAA and scytonemin biosynthetic gene clusters identified from Subsection V cyanobacteria. 
A) mys gene cluster identified from F. muscicola SAG 1427-1 and Fischerella sp. PCC 9339. B) mys gene cluster with C domain encoded in NRPS gene 
identifed from Chlorogloeopsis sp. PCC 9212, C. fritschii PCC 6912 and M. testarum BC008. C) mys with additional gene located downstream from 
NRPS gene identified from W. intricata UH strain HT-29-1, H. welwitschii UH strain IC-52-3 and Fischerella sp. PCC 9431. D) scy gene cluster from M. 
repens PCC 10914 aligned with scy gene cluster from N. spumigena CCY9414. Transposase gene is highlighted in silver arrow. 
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2.3.7 Hydrocarbon biosynthetic gene clusters  
The hydrocarbon biosynthetic gene cluster contains two genes, FAAR and ADO, for the 
biosynthesis of alkanes from fatty acids (Schirmer et al., 2010). The FAAR/ADO pathway has 
previously been identified in all thirteen Subsection V cyanobacterial genomes (Figure 2.9A, Cluster 
30) (Schirmer et al., 2010, Coates et al., 2014, Klähn et al., 2014). All the Subsection V cyanobacterial 
strains analysed contain only the FAAL/ADO gene cluster; the OLS pathway was not identified from 
any Subsection V cyanobacterial genome.   
 
2.3.8 Terpene biosynthetic gene clusters   
A number of terpene biosynthetic gene clusters were identified from the Subsection V 
cyanobacteria (Figure 2.9B-H) (Appendix 2.6.5). The 5.4 kb gene cluster encoding the biosynthesis of 
geosmin (encoding geosmin synthase and two cyclic nucleotide-binding domain proteins) was 
identified in four of the 13 Subsection V cyanobacterial genomes, specifically W. intricata UH strain 
HT-29-1, H. welwitschii UH strain IC-52-3, Fischerella sp. PCC 9431 and F. muscicola SAG 1427-1 
(Figure 2.9B, Cluster 31). The gene encoding geosmin synthase displays approximately 90% amino 
acid sequence similarity with geosmin synthase from N. punctiforme PCC 7120 (Giglio et al., 2008). 
The gene encoding MIB biosynthesis, however, was not identified from any of the Subsection V 
cyanobacterial genome sequences.   
A ~8.2 kb sesquiterpene biosynthetic gene cluster, encoding three proteins (a sesquiterpene 
synthase, a cytochrome p450 and a putative hybrid two-component protein) was identified in four 
Subsection V cyanobacterial genomes (Fischerella sp. JSC-11, F. thermalis PCC 7521, F. muscicola 
PCC 7414 and Fischerella sp. PCC 9605) (Figure 2.9C, Cluster 32). This gene cluster demonstrates 
approximately 78% amino acid sequence similarity with the 8a-epi-α-selinene biosynthetic gene 
cluster from N. punctiforme PCC 7120 (Agger et al., 2008). However, in four additional 
cyanobacterial genomes (Fischerella sp. PCC 9339, W. intricata UH strain HT-29-1, H. welwitschii 
UH strain IC-52-3 and Fischerella sp. PCC 9431), a similar sesquiterpene biosynthetic gene cluster 
was identified, in which a hypothetical protein related to 2-polyprenyl-6-methoxyphenol hydroxylase 
and flavin adenine dinucleotide (FAD)-depended oxidoreductases (COG0654) was identified in place 
of the cytochrome p450 (Figure 2.9D, Cluster 33). In F. muscicola SAG 1427-1, only genes encoding 
sesquiterpene synthase and a hybrid two-component protein were identified.  
Two additional terpene gene clusters were identified from the Subsection V cyanobacterial 
genomes using antiSMASH. Genes encoding a phytoene/squalene synthase and a phytoene desaturase 
(COG3349) were clustered together in all Subsection V cyanobacterial genomes (Figure 2.9E, Cluster 
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34). The other terpene gene cluster found in 11 Subsection V cyanobacterial genomes encodes a 
phytoene/squalene synthase and a squalene-hopene cyclase (Figure 2.9F, Cluster 35). The encoded 
phytoene/squalene synthases and squalene-hopene cyclase from the Subsection V cyanobacteria 
demonstrate approximately 80% amino acid sequence similarity to the recently characterised squalene 
synthase and squalene hopene cyclase from Synechocystis sp. PCC 6803 (Englund et al., 2014). In 
three genomes (Chlorogloeopsis sp. PCC 9212, C. fritschii PCC 6912 and M. repens PCC 10914), a 
hopene-associated glycosyltransferase HpnB (COG1215) gene was identified downstream from the 
squalene-hopene cyclase gene (Figure 2.9G, Cluster 36). The gene cluster from M. repens PCC 10914, 
however, does not contain the phtoene/squalene synthase gene, although the gene is located within the 
genome.  
A 6.6 kb terpene gene cluster from M. testarum BC008 is distinct from the other Subsection V 
cyanobacterial terpene gene clusters (Figure 2.9H, Cluster 37). In M. testarum BC008, the terpene 
gene cluster contains a hopene-associated glycosyltransferase HpnB (COG1215) gene, two 
phytoene/squalene synthase genes, a phytoene desaturase gene, and a squalene-hopene cyclase gene. 
Furthermore, M. testarum BC008 also encodes additional squalene synthase gene in the genome.  
 
2.3.9 Hapalindole and welwitindolinone biosynthetic gene clusters 
A putative gene cluster encoding the biosynthesis of the hapalindoles and welwitindolinones was 
identified from five of the Subsection V cyanobacterial genomes (Micallef et al., 2014a), specifically 
from W. intricata UH strain HT-29-1, H. welwitschii UH strain IC-52-3, Fischerella sp. PCC 9339, 
Fischerella sp. PCC 9431 and F. muscicola SAG 1427-1. These gene clusters will be discussed in 
detail in Chapter 3.  
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Figure 2.9: Additional gene clusters identified from Subsection V cyanobacterial genomes. 
A) Hydrocarbon biosynthetic gene cluster identified from all the Subsection V cyanobacterial genomes. B) Geosmin gene cluster identified from W. intricata 
UH strain HT-29-1, H. welwitschii UH strain IC-52-3, Fischerella sp. PCC 9431 and F. muscicola SAG 1427-1. C) Sesquiterpene gene cluster from 
Fischerella sp. JSC-11, F. thermalis PCC 7521, F. muscicola PCC 7414 and Fischerella sp. PCC 9605. D) Sesquiterpene gene cluster with hypothetical 
protein instead of cytochrome p450 identified from Fischerella sp. PCC 9339, W. intricata UH strain HT-29-1, H. welwitschii UH strain IC-52-3 and 
Fischerella sp. PCC 9431. E) Squalene gene cluster encoding phytoene desaturase identified in all Subsection V cyanobacterial genomes. F) Squalene gene 
cluster encoding squalene hopene cyclase identified in all Subsection V cyanobacterial genomes except M. testarum BC008 and M. repens PCC 10914. G) 
Squalene gene cluster encoding squalene hopene and hopene-assocciated glycosyltransferase identified in Chlorogloeopsis sp. PCC 9212, C. fritschii PCC 
6912 and M. repens PCC 10914 (squalene synthase gene not clustered in M. repens PCC 10914). H) Unique squalene gene cluster identified from M. 
testarum BC008 genome.  
Gene absent in F. muscicola SAG 1427-1 
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2.4 DISCUSSION 
Two Subsection V cyanobacteria, W. intricata UH strain HT-29-1 and H. welwitschii UH strain IC-
52-3 were selected for genome sequencing, as prior to 2013, the Subsection V cyanobacteria were 
significantly underrepresented in terms of genome sequencing compared to the other cyanobacterial 
groups. Sequencing W. intricata UH strain HT-29-1 and H. welwitschii UH strain IC-52-3 allowed us 
not only to increase the amount of genetic information available for the Subsection V cyanobacteria, 
but also to identify and compare the secondary metabolite potential of these cyanobacteria. Based on a 
scan of essential COG genes, all 102 vital genes were identified from both genomes, suggesting near 
complete genomes (Puigbo et al., 2009).  
Two sequencing projects by Dagan et al. (2013) and Shih et al. (2013) has led to the large increase 
in the number of Subsection V cyanobacterial genomes available. There are now currently 11 
publically available Subsection V cyanobacterial genomes, which range in size from 5.38 to 15.87 Mb, 
with an average of 7.9 Mb. The genome size of W. intricata UH strain HT-29-1 and H. welwitschii UH 
strain IC-52-3 is slightly below this average, but well within the range of the Subsection V 
cyanobacterial genomes. Similarly, the number of CDS from the Subsection V cyanobacteria range 
from 4,671 to 11,113. Both W. intricata UH strain HT-29-1 and H. welwitschii UH strain IC-52-3 
encode just over 6,000 CDS, slightly below the average, but within the range of the currently available 
genome sequences. The addition of the genomes sequences of W. intricata UH strain HT-29-1 and H. 
welwitschii UH strain IC-52-3 brings the total number of publically available genome sequences for 
the Subsection V cyanobacteria to 13.   
Cyanobacteria are known to be prolific sources of natural products, many of which have 
pharmaceutical potential. Cyanobacteria typically dedicate 1-5% of their genome to secondary 
metabolite biosynthesis (Rounge et al., 2009, Jones et al., 2011, Wang et al., 2012, Humbert et al., 
2013, Voß et al., 2013).  The Subsection V cyanobacteria dedicate between 0.87 to 3.5% of the 
genome to the biosynthesis of secondary metabolites. This percentage may be an underestimation, due 
to the exclusion of the incomplete NRPS/PKS gene clusters. Regardless, the percentage that the 
Subsection V cyanobacteria dedicate to secondary metabolite biosynthesis is comparable to the 
percentage other cyanobacteria dedicate to the biosynthesis of natural products.  
Of the 0.87 to 3.5% of the genome dedicated to secondary metabolite biosynthesis, the percentage 
of complete NRPS/PKS genes ranges from 0 to 50%. The complete NRPS/PKS biosynthetic gene 
cluster for hapalosin biosynthesis is the first report of a biosynthetic gene cluster for this compound. 
The hap gene cluster demonstrates similar domain architecture to the hct gene cluster from L. 
majuscula (Ramaswamy et al., 2007). The first three modules are almost identical, with the exclusion 
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of a halogenase domain from hctB, and a CM domain from hctD. Both gene clusters encode an AS 
domain for selection of a fatty acid, however, based on the structure of hapalosin, free octanoic acid is 
selected and activated for initiation of hapaosin biosynthesis, whilst the AS domain in the hct gene 
cluster selects for hexanoic acid for initiation of hectochlorin biosynthesis. Both gene clusters also 
encode the unusual A-KR didomain, which selects and incorporates 2-oxoisovaleric acid. The 
identification of the hap biosynthetic gene cluster in three of the Subsection V cyanobacterial genomes 
was surprising, as only H. welwitschii UH strain IC-52-3 was known to produce hapalosin. The 
identification of the hap gene cluster from W. intricata UH strain HT-29-1 and Fischerella sp. PCC 
9431 demonstrates the importance of genome mining to identify new potential sources for known 
natural products. The conservation of the hap gene cluster across three genera suggests there is an 
unknown evolutionary significance/benefit to the organism, similar to the conservation of the 
saxitoxin gene cluster within cyanobacteria (Hackett et al., 2013). 
Genome mining for NRPS/PKS gene clusters in the Subsection V cyanobacteria revealed a small 
number of complete gene clusters, however, a large percentage were categorised as incomplete. The 
majority of these incomplete gene clusters were either located on contig borders, or contained 
incomplete NRPS or PKS modules. Some of the incomplete gene clusters demonstrated high amino 
acid sequence similarity to both complete and incomplete gene clusters (Appendix 2.6.3). These gaps 
will need to be closed by PCR to confirm if the gene cluster is common between different strains. 
Fischerella sp. PCC 9339, Fischerella sp. PCC 9605, Fischerella sp. PCC 9431, Fischerella sp. JSC-
11 and M. repens PCC 10914 are the only Subsection V cyanobacteria to be analysed for NRPS/PKS 
gene clusters prior to this study. Shih et al. (2013) reported 22 NRPS/PKS gene clusters were encoded 
in the Fischerella sp. PCC 9339 genome, nine of which were located on contig borders. However, in 
this study, only five NRPS/PKS gene clusters from Fischerella sp. PCC 9339 which likely encode 
NRPS/PKS natural products were identified, including the microcystin gene cluster.  
Analysis of the NRPS/PKS gene clusters which likely encode natural products revealed a large 
number encoded an initiation module with an AS domain. AS domains have previously been identified 
in the jam and hct gene cluster, however, ten orphan NRPS/PKS gene clusters were identified from the 
Subsection V cyanobacteria to encode an AS domain in the initiation module. Genome mining also 
revealed that the NRPS/PKS gene clusters identified from the Subsection V cyanobacteria contain a 
range of additional genes. Some of these genes have been previously identified from other 
cyanobacterial gene clusters. For example, two orphan NRPS/PKS gene clusters from the Subsection 
V cyanobacteria encode fatty acid desaturases downstream from an initiation module containing an 
AS domain. The jam gene cluster also encodes a fatty acid desaturase (JamB), proposed to desaturate 
the hexanoic acid precursor in jamaicamide biosynthesis (Edwards et al., 2004). The presence of fatty 
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acid desaturase genes suggests the precursors in these orphan NRPS/PKS gene clusters are possibly 
desaturated in the final natural product.  
Some of the additional genes identified within NRPS/PKS gene clusters have not, to our 
knowledge, been previously identified from cyanobacterial NRPS/PKS gene clusters. Genes encoding 
diooxygenases were identified from a wide range of Subsection V cyanobacterial orphan NRPS/PKS 
gene clusters. The dioxygenase genes identified within these gene clusters display similarity to α-
ketoglutarate-dependent, taurine dioxygenases. These enzymes catalyse the hydroxylation of taurine to 
produce sulphite and aminoacetaldehyde (Knauer et al., 2012). The dioxygenase genes precede NRPS 
genes within each orphan NRPS/PKS gene cluster, and are possibly involved in hydroxylation of the 
selected amino acid. A glycosyltransferase gene was only identified within one orphan NRPS/PKS 
gene cluster, which is likely to be involved in the addition of a sugar moiety on the encoded natural 
product. Glycsoylyated natural products display a wide range of bioactivities, including insecticidal 
(Ikeda et al., 1999) and antitumor (La Ferla et al., 2011) activity, amongst others (Kersten et al., 2013). 
To date, the only cyanobacterial toxins which have been identified from the Subsection V 
cyanobacteria are the microcystins. Only three Subsection V cyanobacterial strains have been 
confirmed as microcystin producers, specifically Hapalosiphon hibernicus strain BZ-3-1 (Prinsep et 
al., 1992a, Fewer et al., 2007), Fischerella sp. strain CENA161 (Fiore et al., 2009), and Fischerella sp. 
NQAIF311 (Cirés et al., 2014). However, a complete mcy gene cluster was identified in the genome 
sequence of Fischerella sp. PCC 9339 (Shih et al., 2013), which has not been reported to be a 
microcystin producer. The identification of the mcy gene cluster in a cyanobacterial strain which was 
not previously known to encode the biosynthesis of any toxins highlights the need to screen newly 
sequenced cyanobacterial genomes for the presence of toxin biosynthetic gene clusters.    
The RiPPs are a growing class of natural products which are being increasingly recognised within 
cyanobacteria. Three distinct classes of RiPPs were identified from the Subsection V cyanobacteria, 
specifically cyanobactins, microviridins and bacteriocins. Cyanobactins, N-C terminally cyclised 
peptides, are often prenylated or contain heterocyclised cysteine, serine or threonine residues, however 
linear cyanobactins have recently been discovered (Leikoski et al., 2013). The cyanobactin gene 
cluster identified from W. intricata UH strain HT-29-1 displayed high amino acid sequence similarity 
to the ten gene cluster from N. spongiaeforme (Donia et al., 2008). Based on the genes present within 
the biosynthetic gene cluster, two cyanobactins are biosynthesised, and the resulting cyanobactins may 
be prenylated and contain heterocyclised cysteine residues. Cyanobacteria have developed two 
different strategies for biosynthesis of multiple cyanobactins, either containing multiple genes 
encoding different precursor peptides (Donia and Schmidt, 2012, Leikoski et al., 2013), or contain a 
single precursor gene which encodes for multiple cyanobactins (Schmidt et al., 2005, Ziemert et al., 
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2008b). The single precursor gene from W. intricata UH strain HT-29-1 encodes two different 
cyanobactins, and both appear to be novel, even though over 100 cyanobactin variants are known 
(Schmidt and Donia, 2009). Recent genome mining of 126 cyanobacterial genomes revealed 
approximately 24% of cyanobacterial strains encoded a cyanobactin biosynthetic gene cluster, 
however, many of these gene clusters are predicted to be non-functional (Leikoski et al., 2013), 
although active versions have been identified within closely related strains (Leikoski et al., 2012).  
Microviridins, a family of N-acetlyated tricyclic depsipeptides which contain a rare cage-like 
architecture, are another class of RiPPs. Genome mining of the Subsection V cyanobacterial genomes 
revealed only Fischerella sp. PCC 9339 encoded a microviridin gene cluster. Comparison of the 
precursor peptide with other known microviridin precursors revealed the encoded microviridins from 
Fischerella sp. PCC 9339 are novel. The minimal set of genes required for microviridin biosynthesis 
was identified in Microcystis aeruginosa NIES843 and included the genes mdnA-E (Weiz et al., 2011). 
Whilst Fischerella sp. PCC 9339 encodes homologes to mdnA-E, the mdnB homolog does not 
demonstrate high amino acid sequence similarity to any known microviridin gene clusters. This 
suggests either the mdnB homolog is unique or the microviridin gene cluster is incomplete, and 
therefore non-functional, in Fischerella sp. PCC 9339.       
Bacteriocins are another major class of RiPPs identified from cyanobacteria. Genome mining 
within the Subsection V cyanobacteria revealed every cyanobacterial genome encoded multiple 
bacteriocin gene clusters, with a total of 116 bacteriocin gene clusters identified from six groups 
(group VII was not identified). The wide distribution and range of gene clusters identified from the 
Subsection V cyanobacteria is consistent with previous reports from other cyanobacteria. Recent 
genome mining studies by Wang et al. (2011) identified 145 bacteriocin gene clusters from 43 
cyanobacteria, and Shih et al. (2013) identified bacteriocin gene clusters from 106 cyanobacterial 
genomes. Shih et al. (2013) identified 23 bacteriocin (including lantipeptide) gene clusters from the 
five Subsection V cyanobacteria analysed, however, in this study, 38 bacteriocin gene clusters were 
identified from those genomes. Wang et al. (2011) identified M16 and S8 peptidase domains located 
within bacteriocin gene clusters. In this study, M41 peptidase domains, also known as FtsH peptidases, 
were identified within or adjacent to bacteriocin gene clusters encoded within the Subsection V 
cyanobacterial genomes. These membrane-anchored ATP-dependent peptidases suggest other 
cleavage sites, in addition to the double glycine motif, are located on the precursor peptides. The four 
known types of precursor peptides were also identified from the Subsection V cyanobacterial 
genomes, specifically the HetP, DUF37, N11P and NHLP-type precursors (Wang et al., 2011, Haft et 
al., 2010). Whilst the HetP, DUF37 and N11P-type precursors were identified from each Subsection V 
cyanobacterial genome analysed, only Fischerella sp. PCC 9605 encoded the NHLP-type precursor. 
Interestingly, the double glycine motif for peptide cleavage was unable to be identified within the 
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N11P-type precursor peptide sequences, suggesting these precursor peptides may be nonfunctional. 
Out of the 51 putative precursors with sequence similarity to known precursor types identified from 
the Subsection V cyanobacterial genomes, only two of these putative precursor types were identified 
using antiSMASH; the remaining precursor peptides were identified using the BLAST program within 
the IMG JGI database. However, almost every bacteriocin gene cluster identified from the Subsection 
V cyanobacteria also encoded a large number of short peptide sequences either within or located at the 
ends of the bacteriocin gene clusters, in additional to the known precursor types. These short peptide 
sequences may encode precursor peptides for bacteriocin biosynthesis. Future functional 
characterisation of these putative precursor peptides will determine if these sequences are part of the 
bacteriocin gene clusters identified from the Subsection V cyanobacteria.   
Cyanobacteria are known to produce two different types of UV-absorbing molecules, the MAAs 
and scytonemin in order to protect the cells against either UV-B or UV-A radiation, respectively 
(Balskus and Walsh, 2010, Rastogi and Incharoensakdi, 2014b, Sinha et al., 2003b, Sorrels et al., 
2009, Soule et al., 2009a). The MAA biosynthetic gene cluster has previously been identified from 
two Subsection V cyanobacterial genomes, and this study has identified an additional six genomes 
which encode the UVB-absorbing compound. An interesting discovery was the presence of an 
additional gene located downstream from the NRPS-like enzyme within the mys gene cluster in W. 
intricata UH strain HT-29-1, H. welwitschii UH strain IC-52-3 and Fischerella sp. PCC 9431. The 
gene, encoding a prephenate/arogenate dehydrogenase, may be involved in the regulation and/or 
biosynthesis of another MAA from shinorine, however, the type of MAA produced is unable to be 
predicted (Chapter 5). A biosynthetic gene cluster for the UVA-absorbing compound scytonemin was 
also identified only from the M. repens PCC 10914 genome. None of the Subsection V cyanobacteria 
encoded both the MAA and scytonemin gene cluster. Whilst this is consistent with the majority of 
previous reports from cyanobacteria, two cyanobacterial genomes are known to encode both 
biosynthetic gene clusters (Cyanothece sp. PCC 7424 and N. spumigena CCY9414) (Balskus and 
Walsh, 2010, Soule et al., 2009b, Voß et al., 2013). The L. aestuarii BL J genome has been reported to 
encode both biosynthetic gene clusters, however, the fourth gene required for MAA biosynthesis is 
present, but not clustered with the other genes in the genome (Kothari et al., 2013). 
Cyanobacteria have the unique ability to produce hydrocarbons from fatty acids, including 
heptadecane and methylheptadecane, which have potential diesel fuel applications (Coates et al., 
2014). All of the Subsection V cyanobacteria encode only the FAAR/ADO pathway, which encodes 
the biosynthesis of saturated alkanes (Coates et al., 2014). A recent study by Coates et al. (2014) 
identified the FAAR/ADO pathway was more widely distributed amongst cyanobacteria than the OLS 
pathway; the FAAR/ADO pathway was identified in 122 out of 139 cyanobacterial strains, whilst the 
OLS pathway has been identified in 17 cyanobacterial strains. Coates et al. (2014) was unable to 
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identify a cyanobacterial strain which encoded both pathways. Hydrocarbon composition has been 
characterised for four of the Subsection V cyanobacteria. Whilst W. intricata UH strain HT-29-1 is 
only able to biosynthesis heptadecane, H. welwitschii UH strain IC-52-3, F. muscicola PCC 7414 and 
C. fritschii PCC 6912 are capable of biosynthesising heptadecanes and methylheptadecanes (Coates et 
al., 2014). Heptadecane is the most commonly observed hydrocarbon from cyanobacteria, whilst 
branched alkanes, such as methylheptadecanes, are also only observed from cyanobacteria encoding 
the FAAR/ADO pathway (Coates et al., 2014). Since hydrocarbon biosynthetic gene clusters have 
been identified from a broad range of cyanobacteria, is has been suggested that an unknown selective 
pressure is forcing these organisms to maintain either pathway within their genomes (Coates et al., 
2014).  
The Subsection V cyanobacteria also encode biosynthetic gene clusters for the volatile terpene 
secondary metabolite geosmin. The four Subsection V cyanobacterial strains which encode the 
geosmin biosynthetic gene cluster also encode two copies of the cyclic nucleotide-binding domain 
protein. The gene responsible from geosmin biosynthesis was first identified and characterised from 
Streptomyces coelicolor A3(2) (Jiang et al., 2007). A geosmin synthase gene was later identified and 
characterised from the cyanobacteria N. punctiforme PCC 73102 by Giglio et al. (2008), and found to 
encode the biosynthesis of geosmin, as well as germacradienol, germacrene D, octalin and (E)-
nerolidol. Four Subsection V cyanobacteria also encode a sesquiterpene synthase gene cluster, which 
displays high amino acid similarity to the rare sesquiterpene 8a-epi-α-selinene gene cluster from N. 
punctiforme PCC 73102 (Agger et al., 2008). However, in five additional Subsection V cyanobacterial 
genomes, a similar sesquiterpene synthase gene cluster was identified in which the cytochrome p450 
had been replaced with a hypothetical protein related to FAD-dependent oxidoreductases. The effect 
of this alternative gene on the biosynthesis of the terpene natural product remains unknown.  
Gene clusters encoding the biosynthesis of squalene were also identified from the Subsection V 
cyanobacteria. Genes encoding squalene synthase and squalene hopene cyclases were clustered 
together within the Subsection V cyanobacterial genomes. These genes were recently identified and 
characterised from Synechocystis sp. PCC 6803, although these genes are not clustered within the 
genome (Englund et al., 2014). Squalene, a 30-carbon hydrocarbon, was predicted to be 
biosynthesised from presqualene diphosphate by squalene synthase and then biosynthesis of hopene 
from squalene was proposed to be biosynthesised by a squalene hopene cyclase. Inactivation of a 
squalene synthase from Synechocystis sp. PCC 6803 lead to the abolishment of squalene biosynthesis, 
whilst the inactivation of a squalene hopene cyclase lead to the accumulation of squalene (Englund et 
al., 2014). Whilst these genes are not clustered together within the Synechocystis genome, it remains 
likely that the Subsection V cyanobacteria are capable of biosynthesising both squalene and hopene. In 
three additional Subsection V cyanobacterial genomes, hopene-associated glycosyltransferases were 
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also identified downstream of these gene clusters, however, the effect of these proteins on hopene 
remains elusive. Furthermore, an additional squalene biosynthetic gene cluster was identified in the 
Subsection V cyanobacterial genomes. This gene cluster, comprised of a squalene synthase and a 
phytoene desaturase, suggests a desaturated squalene metabolite may be biosynthesised by this gene 
cluster in the Subsection V cyanobacteria. 
The only other biosynthetic gene clusters identified from the Subsection V cyanobacterial genomes 
analysed in this study encode the biosynthesis of the hapalindole family of natural products, which 
will be discussed in Chapter 3.  
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2.5 CONCLUSION 
A diverse range of biosynthetic gene clusters were identified from the 13 Subsection V 
cyanobacterial genomes analysed. In this study, a putative gene cluster for hapalosin from the 
producing organism H. welwitschii UH strain IC-52-3 was identified, however, through genome 
mining, additional Subsection V cyanobacteria were identified to also encode the hap gene cluster. 
This study has also identified a wide range of biosynthetic gene clusters from the Subsection V 
cyanobacteria, including orphan NRPS/PKS gene clusters, PRPS gene cluster (including cyanobactin, 
microviridin and bacteriocin gene clusters), MAA and scytonemin gene clusters for UV-absorbing 
compounds and terpene gene clusters for geosmin, sesquiterpene and squalene biosynthesis. Through 
genome mining, the distribution and diversity of secondary metabolite biosynthesis in the Subsection 
V cyanobacteria has been revealed.  
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2.6 APPENDIX 
2.6.1 Specific primers used to close gaps in W. intricata UH strain HT-29-1 and 
H. welwitschii UH strain IC-52-3 
 
Primer name: Primer sequence: Melting temperature (°C): 
HT1767F CTCAATTGATATCTCGAATGC 58.8 
HT1767R CTATTTCATTGATGCTGTTTTC 57.9 
ICScaffold44-90F1 GAAATTATTTTGAGCCAGATTG 59.2 
ICScaffold44-90F2 GACACTCTCTCCGCTAATTG 59.1 
ICScaffold44-90F3 CTTTGTACTGGGGAAAAATC 57.6 
ICScaffold44-90R1 GTTGGTAAATCTTCCTCTTTG 56.9 
ICScaffold44-90R2 GACATAGCGGTAAGTAGTAG 50.7 
 
2.6.2 COG gene search for housekeeping genes 
cd:\\Chapter2\Appendix 2.6.2\Appendix 2.6.2 COG genome search.xlsx 
2.6.3 Hapalosin and orphan NRPS/PKS gene clusters 
cd:\\Chapter2\Appendix 2.6.3\Appendix 2.6.3  
2.6.4 Bacteriocin gene clusters and precursor analysis  
        cd:\\Chapter2\Appendix 2.6.4\Appendix 2.6.4  
2.6.5 Terpene gene clusters 
        cd:\\Chapter2\Appendix 2.6.5\Appendix 2.6.5 
 
 
 
 
 
  
 
 
 
 
  
  
 
 
 
 
 
 
 
 
Chapter 3.  
COMPARATIVE ANALYSIS OF HAPALINDOLE, 
AMBIGUINE AND WELWITINDOLINONE 
BIOSYNTHETIC GENE CLUSTERS 
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3.1 INTRODUCTION 
The hapalindole family of natural products is a group of hybrid isoprenoid-indole alkaloids. 
Specifically, the hapalindole family has been identified solely within the genera Hapalosiphon, 
Fischerella, Westiella and Westiellopsis (Richter et al., 2008), which belong to the Subsection V order 
of cyanobacteria. These natural products are a structurally fascinating group of compounds, with over 
80 variations identified to date, and are defined by the presence of an isonitrile- or isothiocyanate-
containing indole alkaloid skeleton, with a cyclised isoprene unit. Members of the hapaldinole family 
are categorised into several sub-families, which include the hapalindoles, fisherindoles, ambiguines, 
fischambiguines, hapalindolinones, hapaloxindoles, fontonamides and welwitindolinones (Richter et 
al., 2008). The hapalindole family is categorised into these sub-families based on structural diversity. 
The hapalindoles are proposed to undergo terpene cyclisation and oxidation to form the fischerindoles, 
or undergo indole oxidation to form the hapaloxindoles and fontonamides. Additional prenylation, 
cyclisation and oxidation of the hapalindoles is proposed to lead to the biosynthesis of the ambiguines. 
Further oxidation and methylation of the fischerindoles is proposed to lead to the biosynthesis of the 
welwitindolinones. Structural diversity within each sub-family is also generated through variation in 
the pattern of chlorination. Remarkably, despite their structural similarities, each analogue displays 
unique bioactivities, ranging from anticancer bioactivity by N-methyl welwitindolinone C 
isothiocyanate (Smith et al., 1995, Zhang and Smith, 1996), to antituberculosis activity of ambiguines 
K and M, fischambiguine B (Mo et al., 2010, Mo et al., 2009) and hapalindoles X and A (Kim et al., 
2012c).  
Recently, gene clusters responsible for ambiguine and welwitindolinone biosynthesis were 
identified from F. ambigua UTEX 1903 and H. welwitschii UTEX B1830, respectively (Hillwig et al., 
2013, Hillwig et al., 2014). Key biosynthetic steps towards the formation of hapalindoles were 
characterised. In vitro characterisation of AmbP3 confirmed the amb gene cluster was responsible for 
the biosynthesis of the ambiguines from hapalindole G (Hillwig et al., 2013). Furthermore, in vitro 
characterisation of a methyltransferase, WelM, encoded only within the wel gene cluster, confirmed its 
involvement in the methylation of welwitindolinone C isothiocyanate to form N-
methylwelwitindolinone C isothiocyanate (Hillwig et al., 2014). Hillwig and Liu (2014) also recently 
characterised the enzyme WelO5, the iron-dependent halogenase responsible for the chlorination of 
12-epi-fischerindole U and 12-epi-hapalindole C, leading to the biosynthesis of 12-epi-fischerindole G 
and 12-epi-hapalindole E, respectively. This chlorination reaction is the first example of a non-heme 
iron enzyme which can monochlorinate an aliphatic carbon.  
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In order to further investigate the relatively complex network of biosynthetic pathways leading to 
the biosynthesis of the hapalindole-type natural products, four Subsection V cyanobacterial strains 
known to produce specific members of the hapalindole family were selected for genome sequencing 
(Figure 3.1). Fischerella sp. ATCC 43239 has been reported to produce four hapalindoles (Becher et 
al., 2007), whereas F. ambigua UTEX 1903 produces a range of hapalindoles, ambiguines and 
fischambiguines (Mo et al., 2010, Mo et al., 2009). Multiple hapalindoles, fischerindoles and 
welwitindolinones have been reported to be produced by H. welwitschii UH strain IC-52-3, whilst 
three welwitindolinones have been reported from W. intricata UH strain HT-29-1 (Stratmann et al., 
1994b) (Figure 3.1). The aim of this study was to identify a gene cluster responsible for the 
biosynthesis of these compounds in each strain, while also screening all publicly available 
cyanobacterial genomes for the presence of the hapalindole-type biosynthetic gene cluster.  
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Figure 3.1: Structures of hapalindole family of natural products isolated from Hapalosiphon 
welwitschii UH strain IC-52-3, Fischerella ambigua UTEX 1903, Fischerella sp. ATCC 43239 and 
Westiella intricata UH strain HT-29-1. 
A) Hapalindoles, fischerindoles and welwitindolinones isolated H. welwitschii UH strain IC-52-3. B) 
Hapalindoles, ambiguines and fischambiguines isolated F. ambigua UTEX 1903. C) Hapalindoles 
isolated from Fischerella sp. ATCC 43239. D) Welwitindolinones isolated from W. intricata UH 
strain HT-29-1.  
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3.2 MATERIALS AND METHODS 
The following methods have been described previously: Cyanobacterial culturing, Section 2.2.1; 
gDNA extraction, Section 2.2.2; PCR, Section 2.2.3; agarose gel electrophoresis, Section 2.2.4; 
sequencing, Section 2.2.6. 
 
3.2.1 Cyanobacterial culturing  
W. intricata UH strain HT-29-1 and H. welwitschii UH strain IC-52-3 cyanobacterial strains were 
cultured as previously described (Section 2.2.1). The cyanobacterial cultures were maintained in BG-
11 medium (Rippka et al., 1979) (Fluka, Buch, Switzerland). Fischerella sp. ATCC 43239 and F. 
ambigua UTEX 1903 cyanobacterial strains were cultured and maintained by our collaborators, the 
Viswanathan Research Group, at Case Western Reserve University, USA.   
 
3.2.2 Genomic DNA extraction, whole genome sequencing and bioinformatics  
W. intricata UH strain HT-29-1 and H. welwitschii UH strain IC-52-3 gDNA was isolated as 
previously described (Section 2.2.2). Fischerella sp. ATCC 43239 and F. ambigua UTEX 1903 gDNA 
was extracted and sequenced at Case Western Reserve University. Whole genome sequencing for W. 
intricata UH strain HT-29-1 and H. welwitschii UH strain IC-52-3 was performed as previously 
described (Section 2.2.2). Gene annotation was performed by BGI using Glimmer Version 3.2. A 
BLAST search was performed to identify the putative function of proteins based on sequence 
similarity (Ausubel et al., 1996). Nucleotide and protein sequences were organised and visualised 
using Geneious Version 6.1.7 created by Biomatters. Available from http://www.geneious.com/. 
Nucleotide alignments were performed using Geneious Alignment with default settings. For protein 
alignments, Clustal Omega (Version 1.2.1) was used with default settings, except order changed from 
aligned to input (McWilliam et al., 2013).  
For phylogenetic analysis, the sequences were first aligned using the Clustal W program built into 
Geneious. Phylogenetic trees were constructed using the Geneious Tree Builder program, which uses 
the neighbour-joining method (Jukes and Cantor, 1969). A 929 bp nucleotide fragment was used for 
phylogenetic analysis of 16S rDNA sequences, while a 315 amino acid sequence alignment was used 
for phylogenetic analysis of the prenyltransferase. The outgroup was constituted by the distantly 
related cyanobacterium Synechocystis sp. for 16S rDNA analysis. 
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3.2.3 Nuceleotide sequence accession numbers  
The nucleotide sequence of the gene clusters were deposited to NCBI GenBank under the 
following accession numbers: KJ742064 for Fischerella sp. ATCC 43239, JK742065 for F. ambigua 
UTEX 1903, KJ767018 for W. intricata UH strain HT-29-1 and KJ767017 for H. welwitschii UH 
strain IC-52-3. The nucleotide sequence of the 16S ribosomal RNA gene was also deposited to NCBI 
GenBank under the following accession numbers: KJ768872 for Fischerella sp. ATCC 43239, 
KJ768871 for F. ambigua UTEX 1903, KJ767016 for W. intricata UH strain HT-29-1 and KJ767019 
for H. welwitschii UH strain IC-52-3. 
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3.3 RESULTS 
Whole genome sequencing of W. intricata UH strain HT-29-1, H. welwitschii UH strain IC-52-3, 
Fischerella sp. ATCC 43239 and F. ambigua UTEX 1903 was used to identify a gene cluster 
encoding the biosynthesis of the hapalindoles (precursor molecules for fischerindole, ambiguine and 
welwitindolinone biosynthesis) in each strain. Since indole-isonitrile enzymes were predicted to be 
required for biosynthesis, the genome of W. intricata UH strain HT-29-1 was screened for genes that 
may encode these proteins. A candidate biosynthetic gene cluster was subsequently identified on two 
scaffolds, and PCR reactions were used to seal the ~1.6 kb gap. The genes present within the wel gene 
cluster from W. intricata UH strain HT-29-1 (Appendix 3.6.2) were used as a reference for the 
identification of similar gene clusters within H. welwitschii UH strain IC-52-3 (Appendix 3.6.3), 
Fischerella sp. ATCC 43239  (Appendix 3.6.4) and F. ambigua UTEX 1903 (Appendix 3.6.5) 
genomes. The wel gene cluster was identified on two scaffolds from the H. welwitschii UH strain IC-
52-3 genome, which demonstrated greater than 90% similarity at the nucleotide level to the wel gene 
cluster from W. intricata UH strain HT-29-1. The ~2 kb gap connecting the two scaffolds was sealed 
by PCR and sequenced. The genome of Fischerella sp. ATCC 43239 was similarly screened for a 
candidate gene cluster for the biosynthesis of the hapalindoles, and two possible scaffolds were 
initially identified. The ~700 bp gap connecting the two scaffolds was sealed by PCR and sequenced, 
resulting in a 40.2 kb gene cluster.   
The amb gene cluster was recently published by Hillwig et al. (2013). The amb gene cluster from 
the genome of F. ambigua UTEX 1903 was independently sequenced and identified as part of this 
study. While the majority of the nucleotide sequence is 100% identical, some differences upstream of 
the 3’ end of ambE3 were identified. The amb gene cluster from Hillwig et al. (2013) encodes ParA 
and ParB family chromosome partitioning proteins and transposases, however, the amb gene cluster 
sequenced in this study does not contain these genes, instead, genes encoding monooxygenases and 
oxidoreductases were identified (Appendix 3.6.5). 
All publically available cyanobacterial genomes were screened in an attempt to identify the 
hapalindole gene cluster in other cyanobacterial genomes. This screen resulted in the identification of 
a hapalindole-type gene cluster from the Subsection V cyanobacteria Fischerella sp. PCC 9339 
(Appendix 3.6.6), Fischerella sp. PCC 9431 (Appendix 3.6.7) and F. muscicola SAG 1427-1 
(Appendix 3.6.8) (Table 3.1). To date, no members of the hapalindole family of natural products have 
been reported from these organisms. 
The wel gene cluster was identified and characterised from H. welwitschii UTEX B1830 (Hillwig 
et al., 2014). As the nucleotide sequence is not available at this time, comparative analysis could not 
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be performed. However, based on the image presented in the manuscript, this gene cluster 
demonstrates remarkable gene synteny to the wel gene clusters reported in this study (Figure 3.2). 
 
 
Table 3.1: Comparison of the nine hpi, amb and wel biosynthetic gene clusters 
Name of organism Length of 
gene cluster 
(kb) 
Number 
of genes 
Name of 
gene cluster 
Reference 
Fischerella sp. ATCC 43239 40.2 30 hpi This study 
Fischerella sp. PCC 9339 44.9 35 hpi This study 
Fischerella ambigua UTEX 1903 42 32 amb (Hillwig et 
al., 2013) 
Fischerella ambigua UTEX 1903 50.7 37 amb This study 
Hapalosiphon welwitschii UTEX B1830 36 30 wel (Hillwig et 
al., 2014) 
Westiella intricata UH strain HT-29-1 59.3 47 wel This study 
Hapalosiphon welwitschii UH strain IC-52-3 55.8 45 wel This study 
Fischerella sp. PCC 9431
*
 57.1 45 wel This study 
Fischerella muscicola SAG 1427-1 25.1 20 wel This study 
* The exact length of this gene cluster was unable to be determined due to sequencing gaps in two 
genes located at the 5’ end of the gene cluster. 
 
 
 
3.3.1 Comparison of the hpi, amb and wel gene clusters  
The identification of the seven hpi, amb and wel gene clusters, along with the recently published 
amb and wel gene clusters, enabled genetic comparisons to be performed. The nomenclature of genes 
used in this study follows those in the previously published amb and wel gene clusters (Hillwig et al., 
2013, Hillwig et al., 2014). For simplicity, a gene common to all gene clusters is referred to only by 
the corresponding letter and number. A core set of 19 genes common to the cyanobacterial strains 
analysed in this study were identified (Table 3.2). These common genes include the tryptophan 
biosynthesis genes T1-5 and C2, the isonitrile biosynthesis genes I1-3, the isoprenoid biosynthesis 
genes D1-4, the GPP synthase gene P2, the hapalindole-specific aromatic prenyltransferase gene P1, 
the regulatory protein-encoding genes R1 and R2, as well as C1 and C3 (which encode other 
enzymes). The encoded proteins of all 19 genes share greater than 92% sequence. 
  
  
 
  
Figure 3.2: Illustration of the hapalindole (hpi), ambiguine (amb) and welwitindolinone (wel) biosynthetic gene clusters 
A) hpi gene cluster from Fischerella sp. ATCC 43239 (this study). B) hpi gene cluster from Fischerella sp. PCC 9339 (JGI IMG/ER: 2516653082) . C) 
amb gene cluster from Fischerella ambigua UTEX 1903 (Hillwig et al., 2013). D) amb gene cluster from Fischerella ambigua UTEX 1903 (this study). E) 
wel gene cluster from Hapalosiphon welwitschii UTEX B1830 (Hillwig et al., 2014). F) wel gene cluster from Hapalosiphon welwitschii UH strain IC-52-3 
(this study). G) wel gene cluster from Westiella intricata UH strain HT-29-1 (this study). H) wel gene cluster from Fischerella sp. PCC 9431 (JGI 
IMG/ER: 2512875027). I) wel gene cluster from Fischerella muscicola SAG 1427-1 (JGI IMG/ER: 2548876995). 
 
 
  
  
 
Table 3.2: Protein names, putative function, and % identity of the encoded Hpi, Amb and Wel enzymes 
Enzyme 
Fischerella 
sp. ATCC 
43239 
Fischerella 
sp. PCC 
9339 
F. ambigua 
UTEX 1903 
H. 
welwitschii 
UH strain 
IC-52-3 
W. intricata 
UH strain 
HT-29-1 
Fischerella 
sp. PCC 
9431 
F. 
muscicola 
SAG 
1427-1 
% identity* 
Tryptophan biosynthesis: 
        
Anthranilate synthase (TrpE) HpiT1 HpiT1 AmbT1 WelT1 WelT1 WelT1 WelT1 93.3 
Indole-3-glycerol-phosphate synthase (TrpC) HpiT2 HpiT2 AmbT2 WelT2 WelT2 WelT2 WelT2 92 
Tryptophan synthase α subunit (TrpA) HpiT3 HpiT3 AmbT3 WelT3 WelT3 WelT3 WelT3 92.7 
Tryptophan synthase β chain (TrpB) HpiT4 HpiT4 AmbT4 WelT4 WelT4 WelT4 WelT4 95.7 
Anthranilate phosphoribosyltransferase (TrpD) HpiT5 HpiT5 AmbT5 WelT5 WelT5 WelT5 WelT5 94.8 
3-deoxy-D-arabinoheptulosonate-7-phosphate (DAHP) 
synthase 
HpiC2 HpiC2 AmbC2 WelC2 WelC2 WelC2 WelC2 95.3 
Isopentenyl pyrophosphate (IPP) and dimethylallyl 
pyrophosphate (DMAPP) biosynthesis:           
1-deoxy-D-xylulose 5-phosphate reductoisomerase (Dxr) HpiD1 HpiD1 AmbD1 WelD1 WelD1 WelD1 WelD1 96.4 
1-deoxy-D-xylulose-5-phosphate synthase (Dxs) HpiD2 HpiD2 AmbD2 WelD2 WelD2 WelD2 WelD2 97.7 
4-hydroxy-3-methylbut-2-en-1-yl diphosphate synthase 
(IspG) 
HpiD3 HpiD3 AmbD3 WelD3 WelD3 WelD3 WelD3 98.7 
4-hydroxy-3-methylbut-2-enyl diphosphate reductase (IspH) HpiD4 HpiD4 AmbD4 WelD4 WelD4 WelD4 - 95.3 
Isonitrile biosynthesis:  
        
Isonitrile indole synthase A (IsnA) HpiI1 HpiI1 AmbI1 WelI1 WelI1 WelI1 WelI1 94 
Isonitrile indole synthase A (IsnA) HpiI2 HpiI2 AmbI2 WelI2 WelI2 WelI2 WelI2 96.2 
Isonitrile indole synthase B (IsnB) HpiI3 HpiI3 AmbI3 WelI3 WelI3 WelI3 WelI3 95.6 
Prenyltransferases: 
        
Aromatic prenyltransferase HpiP1 HpiP1 AmbP1 WelP1 WelP1 WelP1 WelP1 96.9 
Geranyl diphosphate synthase HpiP2 HpiP2 AmbP2 WelP2 WelP2 WelP2 - 93 
Aromatic prenyltransferase - - AmbP3 - - - - - 
Methyltransferases: 
        
N-methyltransferase - - - WelM1 WelM1 WelM1 - 98.8 
  
Enzyme 
Fischerella 
sp. ATCC 
43239 
Fischerella 
sp. PCC 
9339 
F. ambigua 
UTEX 1903 
H. 
welwitschii 
UH strain 
IC-52-3 
W. intricata 
UH strain 
HT-29-1 
Fischerella 
sp. PCC 
9431 
F. 
muscicola 
SAG 
1427-1 
% identity* 
SAM-dependent methyltransferase - - - WelM2 WelM2 WelM2 WelM2 91.2 
Histamine N-methyltransferase - - - WelM3 WelM3 WelM3 - 99 
Regulation proteins: 
        
Response regulator containing a CheY-like receiver domain 
and an HTH DNA-binding domain 
HpiR1 HpiR1 AmbR1 WelR1 WelR1 WelR1 - 93.4 
Transcriptional regulator, LuxR family HpiR2 HpiR2 AmbR2 WelR2 WelR2 WelR2 - 96.2 
Response regulator with CheY-like receiver domain and 
winged-helix DNA-binding domain 
- - - WelR3 WelR3 WelR3 WelR3 93.3 
Other: 
        
Dephospho-CoA kinase-like protein HpiC1 HpiC1 AmbC1 WelC1 WelC1 WelC1 WelC1 93.2 
Phosphoglycerate mutase family protein HpiC3 HpiC3 AmbC3 WelC3 WelC3 WelC3 WelC3 96.4 
Transporter genes: 
        
DevC protein - HpiE1 AmbE1 - - - - 98.2 
ABC exporter membrane fusion protein, DevB family - HpiE2 AmbE2 - - - - 99.7 
Conserved membrane hypothetical protein - HpiE3 AmbE3 - - - - 100 
Small multidrug resistance protein - - - WelE4 WelE4 WelE4 - 97.8 
*The % identity is based on comparison of all enzymes sequenced. 
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3.3.2 Organisation of genes  
Comparison of the gene organisation of the hpi/amb/wel gene clusters identified groups of genes 
whose order and orientation were conserved (gene synteny), however, the presence/absence of specific 
genes distinguished the hpi, amb and wel gene clusters from each other (Figure 3.2). These differences 
are probably responsible for the catalysation of reactions leading to the differentiation of the 
hapalindoles into their subsequent sub-families. 
Within the hpi/amb/wel gene clusters analysed, there appeared to be two major syntenic regions, 
based on the direction of the genes (Figure 3.2). The first syntenic region began at C1 and contained 
15 genes (C1, D1, I1, I2, I3, P1, D2, D3, C2, T1, T2, T3, T4, T5 and C3) in all nine gene clusters. 
However, there were additional genes located within this syntenic region in a few strains. In the hpi 
gene cluster from Fischerella sp. ATCC 43239, a single transposase located between T2 and T1 was 
identified. Two transposases were identified between I1 and D1 in the wel gene cluster from H. 
welwitschii UTEX B1830, and a single transposase was identified between I1 and D1 in the gene 
cluster from Fischerella sp. PCC 9431. Two oxygenase genes, O18 and O19, located between C2 and 
D3 in the gene clusters from W. intricata UH strain HT-29-1 and F. muscicola SAG 1427-1 were also 
identified. The gene clusters from W. intricata UH strain HT-29-1, H. welwitschii UH strain IC-52-3, 
Fischerella sp. PCC 9431 and F. muscicola SAG 1427-1 also contained two additional conserved 
genes (orf 1 and M2), located at the beginning of this syntenic region. In some gene clusters, orf2 was 
also located at the beginning of this predicted transcript.  
The second major gene syntenic region in the hpi/amb/wel gene clusters began with the gene P2 
and was present in all the gene clusters identified in this study, except the gene cluster from F. 
muscicola SAG 1427-1. In the hpi and amb gene clusters, this major syntenic region was located 
upstream of the 5’ end of C1, however, in the wel gene clusters, the syntenic region was located 
downstream of the 3’ end of C3 (Figure 3.2). A number of oxygenase genes and sequence-redundant 
domain of unknown function (DUF) genes were found in these gene syntenic regions, which vary 
between each gene cluster. DUF genes encode a protein domain which has no characterised function. 
There were additional syntenic regions in the gene clusters from Fischerella sp. PCC 9339 and the 
amb gene clusters. Downstream of the 3’ end of O5, the exporter genes E1, E2, and E3 all formed a 
syntenic region. In the gene cluster from Fischerella sp. PCC 9339 and the amb gene cluster 
sequenced in this study, the gene O6 was also possibly located in this syntenic region. In the amb gene 
cluster sequenced in this study, O7 was predicted to be located outside of the syntenic region. 
The genes clusters from H. welwitschii UH strain IC-52-3, W. intricata UH strain HT-29-1 and 
Fischerella sp. PCC 9431 contained five additional syntenic regions upstream of the 5’ end of orf2, 
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which were highly conserved (greater than 98% identity at the nucleotide level). The regulatory genes 
R1, R2 and R3 formed a syntenic region in the gene clusters from H. welwitschii UTEX B1830, H. 
welwitschii UH strain IC-52-3, W. intricata UH strain HT-29-1 and Fischerella sp. PCC 9431. 
In order to assess the mechanism of inheritance of hpi/amb/wel gene clusters within the Subsection 
V strains, phylogenetic analysis of the 16S rDNA was performed (Figure 3.3). All of the strains that 
either contained the hpi/amb/wel gene cluster or are known producers of these molecules appeared to 
be a monophyletic group, indicating that the gene cluster first appeared in a single ancestral strain. 
This pattern of inheritance was also supported by a phylogenetic tree constructed using the 
prenyltransferase P1 protein sequence (Figure 3.4), which showed a similar clustering of sequences to 
the 16S rDNA tree.  
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Figure 3.3: Phylogenetic analysis of Subsection V cyanobacterial strains using 16S rDNA. 
Phylogenetic tree was constructed using a 929 bp fragment of the 16S rDNA gene from Subsection V 
cyanobacterial strains analysed in this study, Subsection V cyanobacterial strains for which the 
genome has been sequenced, and cyanobacterial strains known to produce hapalindole-type natural 
products. Fischerella muscicola UTEX 1829 (GenBank: AB075984), Fischerella sp. PCC 9339 (IMG 
Gene ID: 2517062088), Fischerella sp. ATCC 43239 (GenBank: KJ768872), Fischerella ambigua 
UTEX 1930 (GenBank: KJ768871), Fischerella muscicola SAG 1427-1 (GenBank: AB075985), 
Fischerella sp. PCC 9431 (IMG Gene ID: 2512976007), Hapalosiphon welwitschii UH strain IC-52-3 
(GenBank: KJ767019), Westiella intricata UH strain HT-29-1 (GenBank: KJ767016), Hapalosiphon 
hibernicus BZ-3-1 (GenBank: EU151900), Fischerella sp. CENA 19 (GenBank: AY039703), 
Fischerella sp. JSC-11 (GenBank: HM636645), Fischerella thermalis PCC 7521 (GenBank: 
AB075987), Fischerella muscicola PCC 7414 (GenBank: AB075986), Chlorogloeopsis fritschii PCC 
6912 (GenBank: AB093489), Chlorogloeopsis fritschii PCC 9212 (GenBank: AB075982), Fischerella 
sp. PCC 9605 (IMG Gene ID: 2516144612), Mastigocladopsis repens PCC 10914 (GenBank: 
AJ544079), Mastigocoleus testarum BC 008 (IMG Gene ID: 2264826627) and Synechocystis sp. PCC 
6803 (GenBank: NR_074311). * indicates hpi/amb/wel gene cluster was identified in these strains. ^ 
indicates these strains are known producers of hapalindole family of natural products. Synechocystis 
sp. PCC 6803 was used as the outgroup. Phylogenetic trees were constructed using the Geneious Tree 
Builder program, using the neighbour-joining method. Numbers at each branch point are the bootstrap 
values for percentages of 100 replicate trees. 
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Figure 3.4: Phylogenetic analysis of HpiP1/AmbP1/WelP1 enzyme. 
Phylogenetic tree was constructed using a 315 amino acid fragment of HpiP1/AmbP1/WelP1 from the 
cyanobacterial strains analysed in this study and other members of the ABBA superfamily of 
prenyltransferases. NovQ from Streptomyces niveus (GenBank: AAF67510), CloQ from Streptomyces 
roseochromogenes (GenBank: AAN65239), PtfSs from Sclerotinia sclerotiorum 1980 (GenBank: 
EDN93598), PftAt from Aspergillus terreus NIH2624 (GenBank: EAU39467), Fur7 from 
Streptomyces sp. KO-3988 (GenBank: BAE78975), Fnq26 from Streptomyces cinnamonensis 
(GenBank: CAL34104), NapT8 from Streptomyces sp. CNQ525 (GenBank: ABS50489), NapT8 from 
Streptomyces aculeolatus (GenBank: ABS50461), PpzP from Streptomyces anulatus (GenBank: 
CAX48655), EpzP from Streptomyces cinnamonensis (GenBank: ADQ43372), DzmP from 
Micromonospora sp. RV115 (GenBank: AHG27152), NphB from Streptomyces sp. CL190 (GenBank: 
BAE00106), NapT9 from Streptomyces sp. CNQ525 (GenBank: ABS50490), NapT9 from 
Streptomyces aculeolatus (GenBank: ABS50462), Fnq28 from Streptomyces cinnamonensis 
(GenBank: CAL34106), and hypothetical protein SC07190 from Streptomyces coelicolor A3(2).  
Phylogenetic tree was constructed using the Geneious Tree Builder program, using the neighbour-
joining method. Numbers at each branch point are the bootstrap values for percentages of 100 replicate 
trees. 
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3.3.3 Tryptophan biosynthesis 
Five of the six essential genes required for the biosynthesis of L-tryptophan from chorismate 
(Figure 3.5), which are paralogues of trpABCDE (T1-5), were identified in all nine biosynthetic gene 
clusters. The sixth gene, trpF, a phosphoribosylanthranilate isomerase gene, was located outside of the 
gene cluster consistently in all strains analysed. trpF is commonly located outside of the gene cluster 
in other cyanobacteria. Analysis of the genomes sequenced in this study revealed some cyanobacterial 
strains also contained a second set of genes which encoded for tryptophan biosynthesis, however, 
other strains only contained the tryptophan genes within the gene cluster for tryptophan biosynthesis. 
Another gene common to all nine gene clusters is C2, a DAHP (3-deoxy-D-arabinoheptulosonate-7-
phosphate) synthase gene, which encodes an enzyme regulating the biosynthesis of DAHP from the 
condensation of PEP (phosphoenolpyruvate) and erythrose-4-phosphate, the first enzymatic step of 
aromatic amino acid synthesis (Hall et al., 1982). 
 
 
 
Figure 3.5: Tryptophan biosynthesis pathway. 
Six enzymes (trpABCDEF) are required for the biosynthesis of tryptophan from chorismate.  
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3.3.4 Indole-isonitrile biosynthesis  
A signature chemical feature of the hapalindole family of alkaloids is the presence of an isonitrile 
functional group. The specific location of this functional group was found to be conserved across all 
isonitrile-containing members and is at C11 of the hapalindole core (except for ambiguine G and Q, 
where it has transposed into a nitrile functionality). The isonitrile biosynthesis genes I1-3 were 
identified and found to be tightly conserved in all clusters (greater than 94% identity at the protein 
level across all gene clusters analysed in this study). The gene products of I1 and I2 demonstrated high 
sequence similarity to the previously characterised isonitrile synthases, IsnA (from an uncultured 
organism) (Brady and Clardy, 2005a) and PvcA (from Pseudomonas aeruginosa PA01) (Clarke-
Pearson and Brady, 2008). The six core motifs of IsnA and PvcA were identified in I1 and I2 
(Appendix 3.6.9). The gene product of I3 displayed high sequence similarity to the α-ketoglutarate-
dependent oxygenase, IsnB and PvcB (Brady and Clardy, 2005a, Clarke-Pearson and Brady, 2008). 
The amino acids of the metal-binding motif were identified in all of the encoded protein sequences of 
I3 (Appendix 3.6.10). Pathways encoded by Isn and Pvc required only one copy of each gene for the 
effective production of the isonitrile functional group from tryptophan (Figure 3.6) (Brady and Clardy, 
2005a, Clarke-Pearson and Brady, 2008). However, all strains investigated in this study have a 
duplicated copy of I1 (I2), with at least 78% identity between them at the protein level.  
  
 
 
Figure 3.6: Indole-isonitrile biosynthesis pathway. 
Two enzymes, IsnA and IsnB, are required for the biosynthesis of cis and trans indole-isonitrile from 
tryptophan.  
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3.3.5 Geranyl pyrophosphate biosynthesis  
The other proposed substrate for hapalindole biosynthesis is GPP, which is biosynthesised from 
isopentenyl pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP) via the non-mevalonate 
pathway or 1-deoxy-D-xylulose 5-phosphate pathway (MEP/DOXP) pathway (Figure 3.7). Four genes 
(D1-4) showed homology to dxs, dxr, ispG and ispH, which are proposed to biosynthesise IPP and 
DMAPP from pyruvate and D-glyceraldehyde-3-phosphate. The remaining genes, ispDEF, were 
located outside of the gene cluster in most strains (ispE was not identified in the genomes of 
Fischerella sp. ATCC 43239, F. ambigua UTEX 1903 and Fischerella sp. PCC 9339). The gene P2 
was also conserved across most gene clusters and was proposed to encode a GPP synthase.  
 
 
 
Figure 3.7: Geranyl pyrophosphate biosynthesis pathway. 
The biosynthesis of geranyl diphosphate from pyruvate and D-glyceraldehyde 3-phoaphate via the 
MEP/DOXP pathway requires nine enzymes.  
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3.3.6 Hapalindole-specific prenyltransferase and ambiguine 
prenyltransferase  
The P1 gene is also part of the core set of genes found in each of the hpi/amb/wel gene clusters. P1 
encodes a putative prenyltransferase with sequence similarity to other previously characterised 
proteins belonging to the ABBA superfamily of prenyltransferases (Tello et al., 2008). Sequence 
analysis of P1 revealed the absence of the magnesium-dependent prenyl diphosphate binding motif 
(N/D)DXXD (Pojer et al., 2003). The prenyltransferase P1 in the hpi/amb/wel gene clusters was 
initially proposed to convert GPP (biosynthesised by P2) to β-ocimene (Figure 3.8) in order to catalyse 
the prenylation of indole-isonitrile to produce 12-epi-hapalindole C (Stratmann et al., 1994b). The 
aromatic prenyltransferase gene, ambP3, was identified only in the amb gene cluster from F. ambigua 
UTEX 1903.  
 
 
Figure 3.8: β-ocimene biosynthesis.  
The biosynthesis of β-ocimene from GPP is proposed to catalysed by the conserved prenyltransferase 
P1 from the hpi/amb/wel gene clusters. 
 
3.3.7 Putative halogenase and flavin reductase  
A putative halogenase (WelH) encoded within the wel gene clusters from H. welwitschii UH strain 
IC-52-3, W. intricata UH strain HT-29-1 and Fischerella sp. PCC 9431 displayed similarity to 
FADH2-dependent halogenases, containing both a FAD-binding motif (GxGxxG) and a tryptophan-
binding motif (WxWxIP) (Kling et al., 2005). FADH2-dependent halogenases require a partner 
enzyme, a flavin reductase, to regenerate reduced flavin from FAD and β-nicotinamide adenine 
dinucleotide, reduced dipotassium salt (NADH) (Keller et al., 2000, van Pée and Patallo, 2006). 
Located upstream from welH, orf9 was homologous to NADH dehydrogenases, which may be a 
partner enzyme for WelH. This partner gene set (welH and orf9) was conserved between W. intricata 
UH strain HT-29-1, H. welwitschii UH strain IC-52-3 and Fischerella sp. PCC 9431 with greater than 
98% sequence identity at the protein level. Due to the absence of sequence data downstream of the 
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published wel gene cluster from H. welwitschii UTEX B1830 the presence of a homologous 
halogenase in this strain was unable to be determined (Hillwig et al., 2014). 
3.3.8 Oxygenase genes  
Comparison of the hpi, amb and wel gene clusters also identified 37 genes encoding oxygenases 
from all eight gene clusters (excluding H. welwitschii UTEX B1830). Each encoded protein sequence 
was compared to each other, and those with an identity greater than 90% were believed to be 
homologous proteins, and labelled with the same number (Appendix 3.6.12). A total of 19 different 
oxygenase genes (O1-19) were identified (Table 3.3). Eleven of the 19 oxygenases (O1-4, O8-9, O11-
14 and O19) were identified as Rieske-type oxygenase genes. The (2Fe-2S) cluster motif, the iron-
sulfur Rieske domain and non-heme Fe(II)-binding motif were identified within the encoded protein 
sequence (Appendix 3.6.13). Both HpiO4 and AmbO4 appeared to be atypical Rieske-homologous 
proteins. Analysis of all 19 oxygenase genes revealed none were common in all nine gene clusters. 
O1-3 and O7 were found exclusively in the amb gene cluster, suggesting these oxygenases are 
involved in the structural diversification of the ambiguines. O4-6 were identified in the hpi gene 
cluster from Fischerella sp. PCC 9339 and the amb gene cluster. Furthermore, O8 was found 
exclusively in both of the hpi gene clusters identified in this study. Two oxygenases, O9 and O10, 
were identified only in the hpi gene cluster from Fischerella sp. ATCC 43239. O12 and O14-17 were 
identified in three wel gene clusters (H. welwitschii UH strain IC-52-3, W. intricata UH strain HT-29-
1 and Fischerella sp. PCC 9339), and O11 and O13 have been identified in the wel gene cluster from 
W. intricata UH strain HT-29-1 and H. welwitschii UH strain IC-52-3. The presence of O11 and O13 
in the wel gene cluster from Fischerella sp. PCC 9431 was unable to be confirmed due to sequencing 
gaps in the oxygenase genes located at the 5ʹ end of the gene cluster. Two oxygenase genes, O18 and 
O19, proposed to encode a monooxygenase and a Rieske-type oxygenase, were identified in the wel 
gene clusters from W. intricata UH strain HT-29-1 and F. muscicola SAG 1427-1.  
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Table 3.3: List of encoded oxygenase enzymes from the hpi, amb and wel biosynthetic gene 
clusters 
Enzyme Fischerella 
sp. ATCC 
43239 
Fischerella 
sp. PCC 
9339 
F. 
ambigua 
UTEX 
1903 
H. 
welwitschii 
UH strain 
IC-52-3 
W. 
intricata 
UH 
strain 
HT-29-
1 
Fischerella 
sp. PCC 
9431 
F. 
muscicola 
SAG 
1427-1 
% 
identity 
Rieske 
oxygenase 
- - AmbO1 - - - - - 
Rieske 
oxygenase 
- - AmbO2 - - - - - 
Rieske 
oxygenase 
- - AmbO3 - - - - - 
Rieske 
oxygenase 
- HpiO4 AmbO4 - - - - 100 
Oxidoreductase, 
2OG-Fe(II) 
oxygenase 
family 
- HpiO5 AmbO5 - - - - 98.1 
Alkanesulfonate 
monooxygenase 
- HpiO6 AmbO6 - - - - 100 
Oxidoreductase, 
FAD dependent 
pyridine 
nucleotide 
disulfide 
- - AmbO7 - - - - - 
Rieske 
oxygenase 
HpiO8 HpiO8 - - - - - 100 
Rieske 
oxygenase 
HpiO9 - - - - - - - 
Oxidoreductase, 
FAD dependent 
HpiO10 - - - - - - - 
Rieske 
oxygenase 
- - - WelO11 WelO11 - - 90.9 
Rieske 
oxygenase 
- - - WelO12 WelO12 WelO12 - 99.1 
Rieske 
oxygenase 
- - - WelO13 WelO13 -  97.8 
Rieske 
oxygenase 
- - - WelO14 WelO14 WelO14 - 98.1 
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Enzyme Fischerella 
sp. ATCC 
43239 
Fischerella 
sp. PCC 
9339 
F. 
ambigua 
UTEX 
1903 
H. 
welwitschii 
UH strain 
IC-52-3 
W. 
intricata 
UH 
strain 
HT-29-
1 
Fischerella 
sp. PCC 
9431 
F. 
muscicola 
SAG 
1427-1 
% 
identity 
Oxidoreductase, 
2OG-Fe(II) 
oxygenase 
family 
- - - WelO15 WelO15 WelO15 - 96.3 
Indoleamine 
2,3-dioxygenase 
- - - WelO16 WelO16 WelO16 - 99.0 
Choline 
dehydrogenase-
like flavoprotein 
- - - WelO17 WelO17 WelO17 - 99.0 
Monooxygenase - - - - WelO18 - WelO18 99.0 
Rieske 
oxygenase 
- - - - WelO19 - WelO19 98.3 
 
 
3.3.9 Methyltransferase genes  
The wel gene clusters identified in W. intricata UH strain HT-29-1, H. welwitschii UH strain IC-
52-3 and Fischerella sp. PCC 9431 contained three genes with homology to different 
methyltransferases (welM1, welM2 and welM3) (Table 3.2). Only welM2 was identified in the wel 
gene cluster from F. muscicola SAG 1427-1. Although sequence downstream of the wel cluster in H. 
welwitschii UTEX B1830 was unable to establish the presence of welM2 and welM3, it is proposed 
(on the basis of the homology of genes within each of the wel gene clusters) that welM2 and welM3 
would be conserved.  
 
3.3.10 Genes containing a domain of unknown function  
Another common feature of the hpi/amb/wel gene clusters was the presence of DUF genes. In total, 
21 DUF genes were identified from all of the gene clusters (excluding H. welwitschii UTEX B1830) 
and each protein sequence was compared to each other and those with an identity greater than 90% 
were labelled with the same number (Appendix 3.6.14). A total of eight different genes (U1-8) were 
identified (Table 3.4). Although one DUF gene was not found in all gene clusters, U6 was identified in 
all of the hpi and wel gene clusters. U1-3 was identified in both the hpi and amb gene clusters, and U4 
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was identified in the hpi gene cluster from Fischerella sp. PCC 9339 and the amb gene cluster. U5 was 
identified exclusively in the hpi gene cluster from Fischerella sp. ATCC 43239, U7 was identified 
only in the wel gene cluster from H. welwitschii UH strain IC-52-3, and U8 was identified in the wel 
gene clusters from H. welwitschii UH strain IC-52-3, W. intricata UH strain HT-29-1 and Fischerella 
sp. PCC 9431.  
Table 3.4: List of unknown proteins with domain of unknown function from hpi, amb and wel 
clusters 
Enzyme 
Fischerella 
sp. ATCC 
43239 
Fischerella 
sp. PCC 
9339 
F. 
ambigua 
UTEX 
1903 
H. 
welwitschii 
UH strain 
IC-52-3 
W. 
intricata 
UH 
strain 
HT-29-
1 
Fischerella 
sp. PCC 
9431 
F. 
muscicola 
SAG 1427-
1 
% 
identity 
Unknown 
function 
HpiU1 HpiU1 AmbU1 - - - - 97.7 
Unknown 
function 
HpiU2 HpiU2 AmbU2 - - - - 98 
Unknown 
function 
HpiU3 HpiU3 AmbU3 - - - - 99.1 
Unknown 
function 
- HpiU4 AmbU4 - - - - 100 
Unknown 
function 
HpiU5 - - - - - - - 
Unknown 
function 
HpiU6 HpiU6 - WelU6 WelU6 WelU6 - 94.2 
Unknown 
function 
- - - WelU7 - - - - 
Unknown 
function 
- - - WelU8 WelU8 WelU8 - 97.9 
 
3.3.11 Other genes  
Three response regulator-coding genes (R1-3) were identified from the nine gene clusters analysed 
in this study. welR3 was unique to the wel gene clusters. However, the two regulatory genes R1 and R2 
were identified in all hpi/amb/wel gene clusters (excluding F. muscicola SAG 1427-1). The transporter 
genes E1-3 that were originally identified in the amb gene cluster were also identified in the hpi gene 
cluster from Fischerella sp. PCC 9339. E4, proposed to encode a small MDR protein, was identified in 
three wel gene clusters identified in this study (H. welwitschii UH strain IC-52-3, W. intricata UH 
strain HT-29-1 and Fischerella sp. PCC 9431). C1 and C3 are proposed to encode proteins for which 
their function in hapalindole/ambiguine/welwitindolinone biosynthesis remains unknown. 
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3.4 DISCUSSION 
3.4.1 Prediction of class of hapalindole-type gene cluster  
By comparing the identified hapalindole-like natural products with their encoded gene clusters and 
proposed biosynthesis, the presence/absence of specific genes may be used to predict which class of 
hapalindole-type natural products (hapalindole, ambiguine or welwitindolinone) may be produced 
from newly identified gene clusters. For example, the presence of the prenyltransferase AmbP3 
suggested the ability to produce the ambiguines, since a prenyl moiety is unique to this sub-family. 
This knowledge was used to infer the biosynthesis of the hapalindole-type natural products from 
Fischerella sp. PCC 9339, Fischerella sp. PCC 9431 and F. muscicola SAG 1427-1, since the 
metabolite profile of these organisms has not been determined. It is likely that the gene cluster from 
Fischerella sp. PCC 9339 encodes the biosynthesis of the hapalindoles, and the gene clusters from 
Fischerella sp. PCC 9431 and F. muscicola SAG 1427-1 encode the biosynthesis of the 
welwitindolinones. The gene cluster from F. muscicola SAG 1427-1 was grouped with the wel gene 
clusters based on the presence and high similarity of the genes O18, O19, R3 and M2, all of which are 
specific to the wel gene clusters. However, the genes located on either side of the wel gene cluster 
from F. muscicola SAG 1427-1 displayed no similarity to other genes in the wel gene clusters, and 
some highly conserved genes were missing. The absence of conserved core wel genes suggested the 
gene cluster may be non-functional in this strain.  
 
3.4.2 Inheritance of hpi, amb and wel gene clusters  
The evolution of the hpi/amb/wel gene clusters is interesting, considering that some well-studied 
cyanobacterial natural products, such as microcystin and saxitoxin, exhibit a scattered distribution 
across several genera (Rantala et al., 2004, Murray et al., 2011). Studies suggest that the scattered 
distribution of these molecules occurs as a result of horizontal gene transfer (Rantala et al., 2004, 
Murray et al., 2011, D'Agostino et al., 2014). However, phylogenetic analysis of the Subsection V 
cyabanobacteria known to either encode the hpi/amb/wel gene cluster or are known producers of these 
molecules revealed they form monophyletic clade. This suggested that the gene cluster first appeared 
in a single ancestral strain, and was inherited vertically, rather than horizontally, to each of the 
descendant strains. Whilst transposases are known as a possible mechanism for gene cluster 
acquisition within other cyanobacterial gene clusters, this mechanism for inheritance is usually 
observed in gene clusters inherited horizontally. As the hpi/wel/amb gene clusters were inherited 
vertically, however, the transposases present in the gene clusters are likely not involved in inheritance. 
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3.4.3 Proposed biosynthetic pathway to hapalindoles  
The proposed biosynthetic pathway to the hapalindoles was proposed to involve the primary 
metabolites tryptophan, IPP and DMAPP as precursor substrates (Figure 3.9). The genes involved in 
tryptophan biosynthesis were identified in all gene clusters. The biosynthesis of the isonitrile 
functional group was proposed to require the isonitrile biosynthesis enzymes I1-3. Recent 
characterisation of the set of isonitrile biosynthetic enzymes from the amb gene cluster identified that 
the enzymes AmbI1 and AmbI3 are responsible for the biosynthesis of the isonitrile functional group, 
however, the enzyme AmbI2 is functionally-redundant in isonitrile biosynthesis (Hillwig et al., 2013). 
It is curious that this arrangement of three genes, containing the duplicated I1, has been maintained 
across all strains with very little evidence of mutation over time. Characterisation of the set of 
isonitrile biosynthetic enzymes from both the wel and amb gene clusters led to the biosynthesis of the 
trans isomer (Hillwig et al., 2013). However, both the cis and trans isoforms of the isonitrile were 
identified from the culture extracts of Fischerella sp. ATCC 43239 and F. ambigua UTEX 1903 
(Micallef et al., 2014a). As hapalindole products isolated from Fischerella sp. ATCC 43239 display 
both cis and trans stereodisposition in their C10-C11 arrangement, both isomers are probable 
substrates in the subsequent step of the biosynthetic pathway. However, the presence of the trans 
isomer in extracts from F. ambigua UTEX 1903 is intriguing, since ambiguines possess strictly a cis 
stereodisposition between C10-C11 stereocenters (Micallef et al., 2014a). The hpi/amb/wel gene 
clusters all encode the enzymes required for IPP and DMAPP biosynthesis, precursor substrates for 
the biosynthesis of GPP (Daum et al., 2009). P2 was proposed to encode a GPP synthase, and recent 
enzymatic characterisation of AmbP2 and WelP2 from the amb and wel gene clusters, respectively, 
confirmed our prediction that P2 encodes a GPP synthase (Hillwig et al., 2013, Hillwig et al., 2014).  
Based on the biosynthetic schemes proposed by Moore and others, P1 was anticipated to possess 
activity that catalyses a reverse prenylation independent of any additional enzymatic participation, in 
which C3, rather than C1, of β-ocimene becomes attached to C10 of indole-isonitrile (hapalindole 
numbering) (Richter et al., 2008, Stratmann et al., 1994b). Recent characterisation of AmbP1 and 
WelP1 from the amb and wel gene clusters both failed to convert GPP to β-ocimene (Hillwig et al., 
2013, Hillwig et al., 2014). The biosynthesis of 12-epi-hapalindole C isonitrile from indole-isonitrile 
and GPP may require other enzymes or cofactors in addition to P1.  
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Figure 3.9: Current prediction of hapalindole biosynthesis. 
The biosynthetic pathway proposed involves the biosynthesis of the primary metabolites tryptophan 
from chorismate via the tryptophan biosynthesis enzymes T1-5, and biosynthesis of indole-isonitrile 
isomers from tryptophan via the isonitrile enzymes I1-3. *However, AmbI-3 and Wel1-3 only produce 
trans indole-isonitrile. The biosynthesis of IPP and DMAPP are proposed to require the enzyme D1-4, 
and the prenyltransferase P2 for the biosynthesis of GPP. P1 is proposed to catalyse the biosynthesis 
of 12-epi-hapalindole C isonitrile. Figure adapted from Hillwig et al. (2013).    
 
3.4.4 Diversity to ambiguines  
Biosynthesis of the ambiguines from hapalindoles was proposed to require an aromatic 
prenyltransferase. Based on the presence of the aromatic prenyltransferase AmbP3 only in the amb 
gene cluster, this enzyme was characterised by Hillwig et al. (2013) and shown to be responsible for 
catalysing the prenylation of hapalindole G with DMAPP to produce the ambiguines (Figure 3.10). 
ambP3 was only identified in the amb gene cluster from F. ambigua UTEX 1903, thus confirming this 
is the only species within this study with the capability to produce ambiguines. Biosynthesis of the C-
Cl bond at C-13 of ambiguine H is proposed to be catalysed by the Fe(II)/α-ketoglutarate-dependent 
oxygenase AmbO5, leading to the biosynthesis of ambiguine A (Figure 3.11) (Hillwig et al., 2013). 
Structural diversity to the remaining ambiguines is proposed from either ambiguine H or A through a 
sequence of enzymatic oxidation reactions catalysed by the Rieske oxygenase enzymes AmbO1-4. 
However, biochemical investigation of each Rieske oxygenase is required to determine the specific 
role of each enzyme in the ambiguine pathway. 
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Figure 3.10: Biosynthesis of ambiguines from hapalindoles. 
Characterisation of AmbP3 led to the biosynthesis of ambiguine A from hapalindole G. Figure adapted 
from Hillwig et al. (2013).    
  
  
 
 
Figure 3.11: Proposed biosynthesis of ambiguine analogues. 
The biosynthesis of the C-Cl bond is proposed to be catalysed by AmbO5. Structural diversification of the remaining ambiguines are proposed to be 
catalysed by AmbO1-4, Rieske oxygenase enzymes, from either ambiguine A or H, although further experiments are required to determine which enzymes 
catalyse each specific step and thus are generically labelled AmbO. Figure adapted from Hillwig et al. (2013).    
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3.4.5 Diversity to welwitindolinones  
The welwitindolinones are proposed to be biosynthesised from the fischerindoles (Figure 3.12).  
Hillwig and Liu (2014) recently established that welO5 encodes a nonheme iron enzyme which can 
chlorinate an aliphatic carbon in 12-epi-fischerindole U and 12-epi-hapalindole C, leading to the 
biosynthesis of 12-epi-fischerindole G and 12-epi-hapalindole E, respectively. Structural 
diversification to 12-epi-fischerindole I, welwitindolinone A and welwitindolinone C is proposed to be 
catalysed by the Rieske oxygenase enzymes WelO1-4 (Figure 3.12). Biosynthesis of N-
methylwelwitindolinone C isonitrile from welwitindolinone C isonitrile is proposed to be catalysed by 
WelM1, an N-methyltransferase. Hillwig et al. (2014) recently established that WelM1 catalyses the 
biosynthesis of N-methylwelwitindolinone C isothiocyanate via in vitro enzymology, confirming the 
wel gene cluster is responsible for welwitindolinone biosynthesis (Figure 3.13). This reaction is 
proposed to be the final step in welwitindolinone biosynthesis, and produces a compound with reduced 
cytotoxicity and enhanced MDR activity compared to the un-methylated counterpart (Smith et al., 
1995). The purpose of welM2 (a SAM-dependent methyltransferase) and welM3 (a histamine N-
methyltransferase) remain unknown, as no other known compounds of the hapalindole family require 
an additional methylation reaction. 
 
 
Figure 3.12: Proposed biosynthesis of welwitindolinones. 
The fischerindoles are the proposed substrates for welwitindolinone biosynthesis. Diversification of 
the welwitindolinones is proposed to be catalysed by the Rieske oxygenase enzymes WelO1-4. 
Methylation of welwitindolinone C isonitrile to biosynthesis N-methylwitindolinone C isonitrile is 
proposed to be catalysed by WelM1. Figure adapted from Hillwig et al. (2013).  
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Figure 3.13: Biosynthesis of N-methylwelwitindolinone C isothiocyanate. 
The N-methylation of welwitindolinone C isothiocyanate by WelM1 from the wel gene cluster was 
characterised by Hillwig et al. (2014) and determined to be responsible for the biosynthesis of N-
methylwelwitindolinone C isothiocyanate. Figure adapted from Hillwig et al. (2013).    
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3.5 CONCLUSION 
The identification of the seven biosynthetic gene clusters in this study, along with the recently 
published amb and wel biosynthetic gene clusters, enabled bioinformatic comparisons to be 
performed. Organisation of the wel gene clusters was shown to be distinct from the hpi and amb gene 
clusters, which enabled the prediction of which class of hapalindole-type natural products (either 
hapalindoles, ambiguines or welwitindolinones) may be biosynthesised from these clusters within 
genomes. Phylogenetic analysis indicates organisms that contain the hpi/amb/wel gene clusters form a 
monophyletic clade and, thus, hapalindole biosynthesis is likely to be inherited vertically, rather than 
horizontally.  
This study reports new findings which are essential to the overall elucidation of the unusual 
mechanism of biosynthesis of the hapalindole family of compounds, however, several steps still 
remain elusive. At present, only a few Subsection V cyanobacterial genomes are available. However, 
as more genomes are sequenced from cyanobacteria known to produce hapalindole-type natural 
products and further enzymology is performed, the full biosynthetic pathway to all the hapalindole-
type natural products may be determined. A diverse range of oxygenases have been identified in the 
gene clusters reported in this study. The future enzymatic characterisation of the oxygenases will most 
likely provide a foundation to elucidate the complex biosynthetic pathway of the hapalindole-type 
natural products. 
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3.6 APPENDIX 
3.6.1 Specific primers used in this study  
Primer Sequence Tm (°C) Reference 
HWwelO12F GTTTTTAAGTGGCACGATGTTAC 61.2 This study 
HWwelO12R CAAAGAACCAGAAACTCAAATTAAG 60.8 This study 
HWwelO12F2 GCCTAATTCTTTGGATTCC 57.6 This study 
HWwelO12R2 CTTTACCAGGATTGATGAATG 58.5 This study 
HWwelO12F3 CTATTGGTTTTTTGTCTAGTTC 53.9 This study 
HWwelO12R3 GAACTAGACAAAAAACCAATAG 53.9 This study 
HWwelO12F4 GATTGTACTTAAAACTCCACTAGG 56.7 This study 
HWwelO12R4 CAAGATTGCAAGTTTTAATTATG 57.1 This study 
HWwelO12R5 CAATCTGGATGTTCTGGTCTTG 63.5 This study 
HWwelO11R6 CTTATGGCTAAATCTACTTTC 51.8 This study  
FShpiT2F1 CAAGTTCAGCCAGAGTATG 55.8 This study 
FShpiT2F2 GCAATTAAGCTCGGTTTAC 56.5 This study 
FShpiT2F3 GCAGGTTTATGAAGTACAG 52.1 This study 
FShpiT2F4 CCAGAGTTGAGGAAGTAAAC 55.4 This study 
FShpiT1R CTTTATCAAATCTCAAGCTGAAC 58.6 This study 
FShpiT1R2 CGTAATTATGGGTATCGAAC  56.0 This study 
FShpiT1R3 CAAAACATACAGCAGATTG 54.0 This study 
FShpiT1R4 CTACAAAAACAAGGTGGAG 54.7 This study 
WIWel013F GCTTATTGCTTTCTGCGG 61.1 This study 
WIWelM1F TCAACCGATCCTTACAC 53.8 This study  
WIWelO13R CAGCGAGTTGGTATATTGC 58.3 This study  
27F GCTTCGGCACGGCTCGGGTCGA 80.1 (Moffitt and 
Neilan, 
2001) 
809R AGAGTTTGATCCTGGCTCAG 61.0 (Moffitt and 
Neilan, 
2001) 
740F GGCYRWAWCTGACACTSAGGGA 55.8 (Neilan et 
al., 1997) 
1494R TACGGCTACCTTGTTACGAC 59.3 (Neilan et 
al., 1997) 
WI/HW_898R CCTTTGAGTTTCACACTTG 55.7 This study  
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3.6.2 BLASTx analysis of the welwitindolinone (wel) gene cluster in W. 
intricata UH strain HT-29-1  
Gene Size* 
(aa) 
Top BLASTx 
(nucleotide-protein) 
hit 
Organism Accession number  Identity/ 
Similarity 
welO15 290 AmbO5 Fischerella ambigua UTEX 1903 AHB62755.1 78/88 
welM1 347 Hypothetical protein Fischerella sp. PCC 9339 WP_017307678.1 55/72 
welU8 226 AmbU3 Fischerella ambigua UTEX 1903 AHB62758.1 61/72 
welO14 359 AmbO1 Fischerella ambigua UTEX 1903 AHB62763.1 68/81 
welO13 362 AmbO3 Fischerella ambigua UTEX 1903 AHB62761.1 69/81 
welO12 357 HpiO8  Fischerella sp. PCC 9339  WP_017308631.1 72/83 
welO11 359 HpiO8 Fischerella sp. PCC 9339  WP_017308631.1 75/85 
welU6 228 HpiU6 Fischerella sp. PCC 9339 WP_017308630.1 93/96 
welD4 400 HpiD4 Fischerella sp. PCC 9339 WP_01738629.1 96/98 
welP2 334 HpiP2 Fischerella sp. PCC 9339 WP_01738628.1 89/93 
welR1 234 HpiR1/ AmbR1 Fischerella sp. PCC 9339 /  
Fischerella ambigua UTEX 1903 
WP_01738626.1 / 
AHB62767.1 
92/96 
welR2 243 HpiR2 Fischerella sp. PCC 9339 WP_01738625.1 94/95 
welR3 363 WelR3  Fischerella muscicola  WP_016862237.1 87/93 
welC3 214 HpiC3 Fischerella sp. PCC 9339 WP_017308609.1 96/98 
welT5 365 AmbT5 Fischerella ambigua UTEX 1903 AHB62782.1 93/95 
welT4 415 WelT4  Fischerella muscicola  WP_016862234.1 97/99 
welT3 274 WelT3   Fischerella muscicola WP_016862233.1 91/94 
welT2 283 HpiT2 Fischerella sp. PCC 9339  WP_017308613.1 90/96 
welT1 734 AmbT1 Fischerella ambigua UTEX 1903  AHB62778.1 91/95 
welC2 301 AmbC2 Fischerella ambigua UTEX 1903 AHB62777.1 98/98 
welO18 482 WelO15  Fischerella muscicola  WP_016862229.1 99/99 
welO19 358 WelO16  Fischerella muscicola  WP_016862228.1 98/98 
welD3 408 HpiD3 / AmbD3 Fischerella sp. PCC 9339 / 
Fischerella ambigua UTEX 1903 
WP_017308616.1 / 
AHB62776.1 
99/99 
welD2 647 AmbD2 Fischerella ambigua UTEX 1903 AHB62775.1 97/98 
welP1 308 WelP1  Fischerella muscicola  WP_016862225.1 97/98 
welI3 273 HpiI3 Fischerella sp. PCC 9339 WP_017308619.1 96/97 
welI2 330 AmbI2 Fischerella ambigua UTEX 1903  AHB62772.1 96/98 
welI1 319 HpiI1 / AmbI1 Fischerella sp. PCC 9339 / 
Fischerella ambigua UTEX 1903 
WP_017308621.1 / 
AHB62771.1 
94/98 
welD1 414 HpiD1 / AmbD1 Fischerella sp. PCC 9339 / 
Fischerella ambigua UTEX 1903 
WP_017308622.1 / 
AHB62770.1 
95/98 
welC1 192 HpiC1 / AmbC1 Fischerella sp. PCC 9339 / 
Fischerella ambigua UTEX 1903 
WP_017308623.1 / 
AHB62769.1 
93/96 
welM2 256 WelM2  Fischerella muscicola  WP_016862218.1 83/92 
orf1 359 Orf1  Fischerella muscicola WP_016862217.1 96/98 
orf2 56 Hypothetical protein  Fischerella sp. PCC 9339  WP_017308491.1 93/94 
orf3 903 Hypothetical protein 
Npun_F2218  
Nostoc punctiforme PCC 73102 YP_001865757.1 87/93 
welH 542 Hypothetical protein  Fischerella sp. PCC 9339 WP_017308202.1 72/85 
welM3 279 Hypothetical protein  Fischerella sp. JSC-11 WP_009458912.1 96/98 
welE4 105 Small multidrug 
resistance protein  
Fischerella sp. JSC-11 WP_009458415.1 77/88 
orf4 130 Hypothetical protein  Oscillatoria sp. PCC 10802 WP_017715310.1 47/66 
orf5 252 Short chain 
dehydrogenase  
Gloeobacter violaceus PCC 7421 NP_925784.1 62/80 
welO16 382 Hypothetical protein  Calothrix sp. PCC 7130 WP_019496741.1 57/74 
orf6 237 Hypothetical protein  Calothrix sp. PCC 7103 WP_019496743.1 50/70 
orf7 277 Hypothetical protein  Fischerella sp. PCC 9339 WP_017307918.1 81/89 
welO17 518 Hypothetical protein  Scytonema hofmanni  WP_017741725.1 89/94 
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orf8 171 DoxX protein  Nostoc sp. PCC 7524 YP_007075410.1 91/95 
orf9 471 NADH 
dehydrogenase, FAD-
containing subunit  
Nostoc sp. PCC 7524 YP_007075409.1 88/94 
orf10 309 Tail collar domain-
containing protein  
Herpetosiphon aurantiacus DSM 
785 
YP_001544744.1 59/75 
welS1 326 Transposase IS4 
family protein  
Pseudanabaena biceps PCC 7429 ZP_21067860.1 60/75 
* Size of encoded protein  
 
3.6.3 BLASTx analysis of the welwitindolinone (wel) gene cluster in H. 
welwitischii UH strain IC-52-3  
Gene Size* 
(aa) 
Top BLASTx 
(nucleotide-protein) 
hit 
Organism Accession number Identity/ 
Similarity 
welO15 290 AmbO5 Fischerella ambigua UTEX 1903 AHB62755.1 80/90 
welM1 347 Hypothetical protein Fischerella sp. PCC 9339 WP_017307678.1 56/72 
welU8 226 AmbU3 Fischerella ambigua UTEX 1903/ AHB62758.1 61/71 
welO14 359 AmbO1 Fischerella ambigua UTEX 1903/ AHB62763.1 68/80 
welO13 362 AmbO3 Fischerella ambigua UTEX 1903/ AHB62761.1 69/80 
welO12 357 HpiO8 Fischerella sp. PCC 9339  WP_017308631.1 72/83 
welO11 328 HpiO8 Fischerella sp. PCC 9339  WP_017308631.1 74/85 
welU6 227 HpiU6 Fischerella sp. PCC 9339 WP_017308630.1 91/93 
welU7 228 AmbU4 Fischerella ambigua UTEX 1903 AHB62757.1 78/88 
welD4 400 HpiD4 Fischerella sp. PCC 9339 WP_01738629.1 95/98 
welP2 334 AmbP2 Fischerella ambigua UTEX 1903 AHB62766.1 89/93 
welR1 234 HpiR1/ AmbR1 Fischerella sp. PCC 9339 /  
Fischerella ambigua UTEX 1903 
WP_01738626.1 / 
AHB62767.1 
92/96 
welR2 243 AmbR2 Fischerella ambigua UTEX 1903 AHB62768.1 94/96 
welR3 363 WelR3  Fischerella muscicola  WP_016862237.1 87/93 
welC3 214 HpiC3 Fischerella sp. PCC 9339 WP_017308609.1 96/98 
welT5 365 AmbT5 Fischerella ambigua UTEX 1903 AHB62782.1 93/95 
welT4 415 WelT4  Fischerella muscicola  WP_016862234.1 96/98 
welT3 274 WelT3   Fischerella muscicola WP_016862233.1 91/94 
welT2 283 HpiT2 Fischerella sp. PCC 9339  WP_017308613.1 91/95 
welT1 734 AmbT1 Fischerella ambigua UTEX 1903  AHB62778.1 91/95 
welC2 301 AmbC2 Fischerella ambigua UTEX 1903 AHB62777.1 97/98 
welD3 408 HpiD3 / AmbD3 Fischerella sp. PCC 9339 / 
Fischerella ambigua UTEX 1903 
WP_017308616.1 / 
AHB62776.1 
99/99 
welD2 647 AmbD2 Fischerella ambigua UTEX 1903 AHB62775.1 97/98 
welP1 308 HpiP1 / AmbP1  Fischerella sp. PCC 9339 / 
Fischerella ambigua UTEX 1903 
WP_017308618.1 / 
AHB62774.1 
96/97 
welI3 273 HpiI3 Fischerella sp. PCC 9339 WP_017308619.1 97/98 
welI2 331 AmbI2 Fischerella ambigua UTEX 1903  AHB62772.1 96/97 
welI1 319 HpiI1 / AmbI1 Fischerella sp. PCC 9339 / 
Fischerella ambigua UTEX 1903 
WP_017308621.1 / 
AHB62771.1 
94/98 
welD1 406 HpiD1 / AmbD1 Fischerella sp. PCC 9339 / 
Fischerella ambigua UTEX 1903 
WP_017308622.1 / 
AHB62770.1 
96/98 
welC1 192 HpiC1 / AmbC1 Fischerella sp. PCC 9339 / 
Fischerella ambigua UTEX 1903 
WP_017308623.1 / 
AHB62769.1 
94/97 
welM2 256 WelM2   Fischerella muscicola  WP_016862218.1 84/92 
orf1 359 Orf1  Fischerella muscicola WP_016862217.1 97/98 
orf2 56 Hypothetical protein  Fischerella sp. PCC 9339  WP_017308491.1 93/94 
orf3 903 Hypothetical protein Nostoc punctiforme PCC 73102 YP_001865757.1 87/93 
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Npun_F2218  
welH 542 Hypothetical protein  Fischerella sp. PCC 9339 WP_017308202.1 71/85 
welM3 279 Hypothetical protein  Fischerella sp. JSC-11 WP_009458912.1 93/97 
welE4 105 Small multidrug 
resistance protein  
Fischerella sp. JSC-11 WP_009458415.1 79/90 
orf4 136 Hypothetical protein  Oscillatoria sp. PCC 10802 WP_017715310.1 46/66 
orf5 252 Short chain 
dehydrogenase  
Gloeobacter violaceus PCC 7421 NP_925784.1 63/80 
welO16 382 Hypothetical protein  Calothrix sp. PCC 7130 WP_019496741.1 57/74 
orf6 237 Hypothetical protein  Calothrix sp. PCC 7103 WP_019496743.1 50/70 
orf7 277 Hypothetical protein  Fischerella sp. PCC 9339 WP_017307918.1 80/89 
welO17 518 Hypothetical protein  Scytonema hofmanni  WP_017741725.1 89/94 
orf8 171 DoxX protein  Nostoc sp. PCC 7524 YP_007075410.1 91/95 
orf9 471 NADH 
dehydrogenase, FAD-
containing subunit  
Nostoc sp. PCC 7524 YP_007075409.1 88/94 
orf10 309 Tail collar domain-
containing protein  
Herpetosiphon aurantiacus DSM 
785 
YP_001544744.1 59/75 
* Size of encoded protein  
 
3.6.4 BLASTx analysis of the hapalindole (hpi) gene cluster in Fischerella sp. 
ATCC 43239 
Gene Size* 
(aa) 
Top BLASTx 
(nucleotide-protein) 
hit 
Organism Accession number Identity/ 
Similarity 
orf1 796 Orf1 Fischerella sp. PCC 9339 WP_017308608.1 99/99 
hpiC3 214 AmbC3 Fischerella ambigua UTEX 1903 AHB62783.1 99/99 
hpiT5 365 AmbT5  Fischerella ambigua UTEX 1903 AHB62782.1 99/99 
hpiT4 415 AmbT4 Fischerella ambigua UTEX 1903 AHB62781.1 99/99 
hpiT3 270 AmbT3 Fischerella ambigua UTEX 1903 AHB62780.1 1000/100 
hpiT2 287 AmbT2 Fischerella ambigua UTEX 1903 AHB62779.1 99/99 
hpiS1 315 Hypothetical protein  Microcoleus vaginatus  WP_006631927.1 53/73 
hpiT1 734 AmbT1 Fischerella ambigua UTEX 1903 AHB62778.1 99/99 
hpiC2 301 AmbC2 Fischerella ambigua UTEX 1903 AHB62777.1 100/100 
hpiD3 408 HpiD3 / AmbD3 Fischerella sp. PCC 93393 / 
Fischerella ambigua UTEX 1903 
AHB62776.1 / 
WP_017308616 
99/99 
hpiD2 647 AmbD2 Fischerella ambigua UTEX 1903 AHB62775.1 99/99 
hpiP1 309 HpiP1 / AmbP1  Fischerella sp. PCC 93393  / 
Fischerella ambigua UTEX 1903  
WP_017308618.1 / 
AHB62774.1 
98/98 
hpiI3 273 HpiI3 Fischerella sp. PCC 93393   WP_017308619.1 98/98 
hpiI2 330 AmbI2 Fischerella ambigua UTEX 1903  AHB62772.1 98/99 
hpiI1 319 HpiI1 / AmbI1 Fischerella sp. PCC 9339 / 
Fischerella ambigua UTEX 1903  
WP_017308621.1 / 
AHB62771.1 
99/99 
hpiD1 414 HpiD1 / AmbD1 Fischerella sp. PCC 9339 / 
Fischerella ambigua UTEX 1903 
WP_017308622.1 / 
AHB62770.1 
99/99 
hpiC1 192 HpiC1 / AmbC1 Fischerella sp. PCC 9339 / 
Fischerella ambigua UTEX 1903 
WP_017308623.1 / 
AHB62769.1 
98/98 
hpiR2 243 AmbR2 Fischerella ambigua UTEX 1903 AHB62768.1 100/100 
hpiR1 232 HpiR1 / AmbR1 Fischerella sp. PCC 9339 / 
Fischerella ambigua UTEX 1903 
WP_017308626.1 / 
AHB62767.1 
100/100 
hpiP2 346 AmbP2  Fischerella ambigua UTEX 1903 AHB62766.1 99/99 
hpiD4 400 HpiD4 Fischerella sp. PCC 9339 WP_017308629.1 99/99 
hpiU6 228 HpiU6 Fischerella sp. PCC 9339 WP_017308630.1 99/99 
hpiO8 358 HpiO8 Fischerella sp. PCC 9339 WP_017308631.1 100/100 
orf2 336 Hypothetical protein  Fischerella sp. PCC 9339 WP_017308632.1 99/99 
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hpiU1 243 HpiU1 Fischerella sp. PCC 9339 WP_017308633.1 98/99 
hpiU2 223 AmbU2 Fischerella ambigua UTEX 1903  AHB62759.1 100/100 
hpiU3 230 AmbU3 Fischerella ambigua UTEX 1903  AHB62758.1 99/99 
hpiO9 362 AmbO3 Fischerella ambigua UTEX 1903 AHB62761.1 68/79 
hpiU5 227 AmbU4 Fischerella ambigua UTEX 1903 AHB62757.1 85/92 
hpiO10 418 FAD dependent 
oxidoreductase 
domain protein  
Leptospira kirschneri  WP_016761647.1 51/64 
* Size of encoded protein  
 
3.6.5 BLASTx analysis of the ambiguine (amb) gene cluster in Fischerella 
ambigua UTEX 1903 from this study  
Gene  Size* 
(aa) 
Top BLASTx 
(nucleotide-protein) 
hit 
Organism Accession number Identity/ 
Similarity 
ambS1 197 Hypothetical protein 
(transposase) 
Synechococcus sp. PCC 7336  WP_017327147.1 74/89 
ambS2 102 Hypothetical protein  Fischerella sp. PCC 9339  WP_017307744.1 100/100 
orf1 796 Phosphoketolase Fischerella sp. PCC 9339 WP_01738608.1 99/99 
ambC3 214 AmbC3 Fischerella ambigua UTEX 1903 AHB62783.1 100/100 
ambT5 365 AmbT5 Fischerella ambigua UTEX 1903 AHB62782.1 100/100 
ambT4 416 AmbT4 Fischerella ambigua UTEX 1903 AHB62781.1 100/100 
ambT3 270 AmbT3 Fischerella ambigua UTEX 1903 AHB62780.1 100/100 
ambT2 283 AmbT2 Fischerella ambigua UTEX 1903 AHB62779.1 100/100 
ambT1 734 AmbT1 Fischerella ambigua UTEX 1903 AHB62778.1 100/100 
ambC2 301 AmbC2 Fischerella ambigua UTEX 1903 AHB62777.1 100/100 
ambD3 408 AmbD3 Fischerella ambigua UTEX 1903 AHB62776.1 100/100 
ambD2 647 AmbD2 Fischerella ambigua UTEX 1903 AHB62775.1 100/100 
ambP1 309 AmbP1 Fischerella ambigua UTEX 1903 AHB62774.1 100/100 
ambI3 273 AmbI3 Fischerella ambigua UTEX 1903 AHB62773.1 100/100 
ambI2 330 AmbI2 Fischerella ambigua UTEX 1903 AHB62772.1 100/100 
ambI1 319 AmbI1 Fischerella ambigua UTEX 1903 AHB62771.1 100/100 
ambD1 406 AmbD1 Fischerella ambigua UTEX 1903 AHB62770.1 100/100 
ambC1 192 AmbC1 Fischerella ambigua UTEX 1903 AHB62769.1 100/100 
ambR2 244 AmbR2 Fischerella ambigua UTEX 1903 AHB62768.1 100/100 
ambR1 232 AmbR1 Fischerella ambigua UTEX 1903 AHB62767.1 100/100 
ambP2 346 AmbP2  Fischerella ambigua UTEX 1903 AHB62766.1 100/100 
ambD4 400 AmbD4 Fischerella ambigua UTEX 1903 AHB62765.1 100/100 
ambP3 322 AmbP3 Fischerella ambigua UTEX 1903 AHB62764.1 100/100 
ambO1 359 AmbO1 Fischerella ambigua UTEX 1903 AHB62763.1 100/100 
ambO2 360 AmbO2 Fischerella ambigua UTEX 1903 AHB62762.1 100/100 
ambO3 363 AmbO3 Fischerella ambigua UTEX 1903 AHB62761.1 100/100 
ambU1 239 AmbU1  Fischerella ambigua UTEX 1903 AHB62760.1 100/100 
ambU2 238 AmbU2 Fischerella ambigua UTEX 1903 AHB62759.1 100/100 
ambU3 230 AmbU4 Fischerella ambigua UTEX 1903 AHB62757.1 100/100 
ambU4 235 AmbU3 Fischerella ambigua UTEX 1903 AHB62758.1 100/100 
ambO4 285 AmbO4 Fischerella ambigua UTEX 1903 AHB62756.1 100/100 
ambO5 316 AmbO5 Fischerella ambigua UTEX 1903 AHB62755.1 99/99 
ambE1 388 AmbE1 Fischerella ambigua UTEX 1903 AHB62754.1 100/100 
ambE2 397 AmbE2 Fischerella ambigua UTEX 1903 AHB62753.1 100/100 
ambE3 151 AmbE3 Fischerella ambigua UTEX 1903 AHB62752.1 100/100 
ambO6 386 HpiO6 Fischerella sp. PCC 9339  WP_017308644.1 100/100 
orf-4 638 Hypothetical protein  Fischerella sp. PCC 9339  WP_017311018.1  99/99 
orf-5 477 Hypothetical protein  Fischerella sp. PCC 9339  WP_017311020.1  99/99 
ambO7 401 Hypothetical protein Fischerella sp. PCC 9339  WP_017311021.1 100/100 
* Size of encoded protein  
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3.6.6 BLASTx analysis of the hapalindole (hpi) gene cluster in Fischerella sp. 
PCC 9339 
Gene Size
* 
(aa) 
Gene ID 
number from 
JGI 
Top BLASTx 
(nucleotide-
protein) hit 
Organism Accession number Identity/ 
Similarity 
hpiS1 181 2517064588 DDE 
endonucleoase  
Coleofasciculus 
chthonoplastes PCC 7420 
WP_006100142.1 58/75 
hpiS2 102 2517064589 Transposase Cyanothece sp. CCY0110 WP_008275513.1 47/70 
orf1 796 2517064590 Phosphoketolas
e  
Gloeocapsa sp. PCC 7428 YP_007127497.1 79/88 
hpiC3 214 2517064591 AmbC3 Fischerella ambigua 
UTEX 1903 
AHB62783.1 97/99 
hpiT5 365 2517064592 AmbT5 Fischerella ambigua 
UTEX 1903 
AHB62782.1 99/99 
hpiT4 415 2517064593 AmbT4 Fischerella ambigua 
UTEX 1903 
AHB62781.1 98/99 
hpiT3 270 2517064594 AmbT3 Fischerella ambigua 
UTEX 1903 
AHB62780.1 97/98 
hpiT2 287 2517064595 AmbT2 Fischerella ambigua 
UTEX 1903 
AHB62779.1 94/97 
hpiT1 734 2517064596 AmbT1 Fischerella ambigua 
UTEX 1903 
AHB62778.1 94/97 
hpiC2 301 2517064597 AmbC2 Fischerella ambigua 
UTEX 1903 
AHB62777.1 96/97 
hpiD3 408 2517064598 AmbD3 Fischerella ambigua 
UTEX 1903 
AHB62776.1 100/100 
hpiD2 647 2517064599 AmbD2 Fischerella ambigua 
UTEX 1903 
AHB62775.1 99/99 
hpiP1 309 2517064600 AmbP1 Fischerella ambigua 
UTEX 1903 
AHB62774.1 100/100 
hpiI3 273 2517064602 AmbI3 Fischerella ambigua 
UTEX 1903 
AHB62773.1 99/100 
hpiI2 331 2517064603 AmbI2 Fischerella ambigua 
UTEX 1903 
AHB62772.1 99/99 
hpiI1 319 2517064604 AmbI1 Fischerella ambigua 
UTEX 1903 
AHB62771.1 100/100 
hpiD1 406 2517064605 AmbD1 Fischerella ambigua 
UTEX 1903 
AHB62770.1 99/100 
hpiC1 192 2517064606 AmbC1 Fischerella ambigua 
UTEX 1903 
AHB62769.1 100/100 
hpiR2 243 2517064608 AmbR2 Fischerella ambigua 
UTEX 1903 
AHB62768.1 100/100 
hpiR1 232 2517064609 AmbR1 Fischerella ambigua 
UTEX 1903 
AHB62767.1 100/100 
hpiP2 346 2517064611 AmbP2  Fischerella ambigua 
UTEX 1903 
AHB62766.1 100/100 
hpiD4 412 2517064612 AmbD4 Fischerella ambigua 
UTEX 1903 
AHB62765.1 96/98 
hpiU6 228 2517064613 AmbU3 Fischerella ambigua 
UTEX 1903 
AHB62758.1 70/80 
hpiO8 358 2517064614 AmbO3 Fischerella ambigua 
UTEX 1903 
AHB62761.1 71/81 
orf2 336 2517064615 Hypothetical 
protein   
Cystobacter fuscus DSM 
2262 
WP_002631743.1 54/71 
hpiU1 228 2517064616 AmbU1  Fischerella ambigua 
UTEX 1903 
AHB62760.1 97/98 
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hpiU2 143 2517064617 AmbU2 Fischerella ambigua 
UTEX 1903 
AHB62759.1 100/100 
hpiU3 219 2517064618 AmbU4 Fischerella ambigua 
UTEX 1903 
AHB62757.1 73/82 
hpiU4 227 2517064619 AmbU3 Fischerella ambigua 
UTEX 1903 
AHB62758.1 73/82 
hpiO4 285 2517064620 AmbO4 Fischerella ambigua 
UTEX 1903 
AHB62756.1 100/100 
hpiO5 290 2517064621 AmbO5 Fischerella ambigua 
UTEX 1903 
AHB62755.1 97/98 
hpiE1 388 2517064622 AmbE1 Fischerella ambigua 
UTEX 1903 
AHB62754.1 98/99 
hpiE2 397 2517064623 AmbE2 Fischerella ambigua 
UTEX 1903 
AHB62753.1 99/100 
hpiE3 151 2517064624 AmbE3 Fischerella ambigua 
UTEX 1903 
AHB62752.1 100/100 
hpiO6 386 2517064625 Alkanesulfonate 
monooxygenase  
Fischerella muscicola  WP-016867816.1 94/97 
orf2 277 2517064626 Phosphate ABC 
transporter 
ATP-binding 
protein  
Fischerella muscicola  WP_016867814.1 91/96 
orf3 298 2517064627 Phosphate ABC 
transporter 
permease  
Fischerella muscicola  WP_016867813.1 93/96 
orf4 331 2517064628 Phosphate ABC 
transporter 
permease  
Fischerella muscicola  WP_016867812.1 95/96 
orf5 333 2517064629 Phosphate-
binding protein 
Fischerella muscicola  WP_016867811.1 94/96 
orf6 385 2517064630 Sulfate-binding 
protein  
Fischerella muscicola  WP_016867810.1 88/93 
orf7 395 2517064630 Hypothetical 
protein  
Fischerella muscicola  WP_016867802.1 89/95 
*  Size of encoded protein  
 
3.6.7 BLASTx analysis of the welwitindolinone (wel) gene cluster in Fischerella 
sp. PCC 9431  
Gene Size
* 
(aa) 
Gene ID 
number from 
JGI 
Top BLASTx 
(nucleotide-
protein) hit 
Organism Accession number Identity/ 
Similarity 
welO15 290 2512981112 AmbO5 Fischerella ambigua UTEX 
1903 
AHB62755.1 78/88 
welM1 347 2512981114 Hypothetical 
protein 
Fischerella sp. PCC 9339 WP_017307678.1 55/72 
welU8 226 2512981115 AmbU3 Fischerella ambigua UTEX 
1903/ 
AHB62758.1 61/72 
welO14 359 2512981116 AmbO1 Fischerella ambigua UTEX 
1903/ 
AHB62763.1 67/80 
welO£ £ 2512981118 
2512981117 
HpiO8 Fischerella sp. PCC 9339 WP_017308631.1 65/81 
welO£ £ 2512981120 
2512981119 
HpiO8 Fischerella sp. PCC 9339 WP_017308631.1 72/84 
welO12 357 2512981121 HpiO8  Fischerella sp. PCC 9339 WP_017308631.1 72/83 
welU6 228 2512981122 HpiU6 Fischerella sp. PCC 9339  WP_017308630.1 93/96 
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welD4 419 2512981123 HpiD4 Fischerella sp. PCC 9339 WP_017308629.1 97/99 
welP2 334 2512981124 HpiP2 Fischerella sp. PCC 9339 WP_017308628.1 89/93 
welR1 234 2512981125 AmbR1/ 
HpiR1 
Fischerella ambigua UTEX 
1903/ Fischerella sp. PCC 
9339  
AHB62767.1 / 
WP_017308626.1 
91/95 
welR2 243 2512981126 HpiR2 Fischerella sp. PCC 9339  WP_017308625.1 94/95 
welR3 363 2512981127 WelR3  Fischerella muscicola  WP_016862237.1 87/93 
welC3 214 2512981128 HpiC3 Fischerella sp. PCC 9339  WP_01738609.1 96/98 
welT5 365 2512981129 AmbT5 Fischerella ambigua UTEX 
1903 
AHB62782.1 93/96 
welT4 415 2512981130 WelT4 Fischerella muscicola  WP_016862234.1 96/98 
welT3 274 2512981131 WelT3  Fischerella muscicola  WP_016862233.1 90/95 
welT2 283 2512981132 HpiT2 Fischerella sp. PCC 9339  WP_017308613.1 92/96 
welT1 734 2512981133 AmbT1 Fischerella ambigua UTEX 
1903 
AHB62778.1 91/95 
welC2 301 2512981134 AmbC2 Fischerella ambigua UTEX 
1903 
AHB62777.1 98/98 
welD3 408 2512981135 AmbD3 / 
HpiD3 
Fischerella ambigua UTEX 
1903 / Fischerella sp. PCC 
9339  
AHB62776.1 / 
WP_017308616.1 
99/99 
welD2 647 2512981136 AmbD2 Fischerella ambigua UTEX 
1903 
AHB62775.1 98/98 
welP1 308 2512981137 AmbP1 / 
HpiP1 
Fischerella ambigua UTEX 
1903 / Fischerella sp. PCC 
9339  
AHB62774.1 / 
WP_017308618.1 
96/97 
welI3 273 2512981139 HpiI3 Fischerella sp. PCC 9339  WP_017308619.1 97/98 
welI2 331 2512981140 AmbI2 Fischerella ambigua UTEX 
1903 
AHB62772.1 95/97 
welI1 319 2512981142 AmbI1 / 
HpiI1 
Fischerella ambigua UTEX 
1903 / Fischerella sp. PCC 
9339 
AHB62771.1 / 
WP_017308621.1 
92/97 
welS2 170  2512981143 Transposase Nostoc sp. PCC 7107 YP_007048221.1 85/89 
welD1 406 2512981144 AmbD1 / 
HpiD1 
Fischerella ambigua UTEX 
1903 / Fischerella sp. PCC 
9339 
AHB62770.1 / 
WP_017308622.1 
95/98 
welC1 192 2512981145 AmbC1 / 
HpiC1 
Fischerella ambigua UTEX 
1903 / Fischerella sp. PCC 
9339 
AHB62769.1 / 
WP_017308623.1 
94/97 
welM2 256 2512981146 WelM2  Fischerella muscicola  WP_016862218.1 84/92 
orf1 359 2512981147 Orf1   Fischerella muscicola  WP_016862217.1 97/98 
orf2 74 2512981148 Hypothetical 
protein  
Fischerella sp. PCC 9339  WP_017308491.1 93/94  
orf3  903 2512981149 Hypothetical 
protein 
Npun_F2218  
Nostoc punctiforme PCC 
73102 
YP_001865757.1 87/93 
welH 542 2512981150 Hypothetical 
protein  
Fischerella sp. PCC 9339 WP_017308202.1  72/85 
welM3 279 2512981151 Hypothetical 
protein  
(N-
methyltransfer
ase)  
Fischerella sp. JSC-11 WP_009458912.1 94/97 
welE4 105 2512981152 Small 
multidrug 
resistance 
protein  
Fischerella sp. JSC-11 WP_009458415.1 79/90 
orf4 136 2512981153 Hypothetical Oscillatoria sp. PCC 10802 WP_017715310.1 45/66 
 CHAPTER 3: COMPARATIVE ANALYSIS OF HPI, AMB AND WEL GENE CLUSTERS 132 
protein  
orf5 252 2512981154 Short chain 
dehydrogenas
e 
Gloeobacter violaceus PCC 
7421 
NP_925784.1 62/80 
welO16 382 2512981155 Hypothetical 
protein  
Calothrix sp. PCC 7103 WP_019496741.1 57/74 
orf6  237 2512981156 Hypothetical 
protein  
Calothrix sp. PCC 7103 WP_019496743.1 50/70 
orf7 277 2512981157 Hypothetical 
protein  
Fischerella sp. PCC 9339 WP_017307918.1 80/89 
wel017 518 2512981158 Hypothetical 
protein  
Scytonema hofmanni WP_017741725.1 89/94 
orf8 171 2512981159 DoxX protein  Nostoc sp. PCC 7524 YP_007075410.1 90/95 
orf9 471 2512981160 NADH 
dehydrogenas
e, FAD-
containing 
subunit 
Nostoc sp. PCC 7524 YP_007075409.1 88/94 
orf11 628 2512981161 Hypothetical 
protein  
Synechcoccus sp. PCC 7336 WP_017327159.1 33/55 
* Size of gene  
£Gene name and size of encoded protein are unable to be determined due to N’s in nucleotide sequence.   
 
3.6.8 BLASTx analysis of the welwitindolinone (wel) gene cluster in Fischerella 
muscicola SAG 1427-1 
Gene Size
* 
(aa) 
Gene ID 
number from 
JGI 
Top BLASTx 
(nucleotide-protein) hit 
Organism Accession number Identity/ 
Similarity 
orf13 196
5 
2550701587 Hypothetical protein  Chlorogloeopsis 
fritschii  
WP_016876159.1 29/47 
welR3 369 2550701586 Response regulator with 
CheY-like receiver 
domain and winged-
helix DNA-binding 
domain 
Microcoleus sp. 
PCC 7113 
YP_007122524.1 52/73 
welC3 214 2550701585 HpiC3 Fischerella sp. 
PCC 9339  
WP_01738609.1 96/98 
welT5 365 2550701584 HpiT5 Fischerella sp. 
PCC 9339 
WP_01738610.1 96/97 
welT4 415 2550701583 AmbT4 Fischerella 
ambigua UTEX 
1903 
AHB62781.1 96/97 
welT3 274 2550701582 HpiT3 Fischerella sp. 
PCC 9339  
WP_017308612.1 94/94 
welT2 283 2550701581 HpiT2 Fischerella sp. 
PCC 9339  
WP_017308613.1 93/96 
welT1 734 2550701580 AmbT1 Fischerella 
ambigua UTEX 
1903 
AHB62778.1 94/96 
welC2 301 2550701579 AmbC2 Fischerella 
ambigua UTEX 
1903 
AHB62777.1 98/99 
welO18  486 2550701578 Monooxygenase Calothrix sp. PCC 
7507 
YP_007067927.1 65/80 
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welO19 358 2550701577 AmbO1 Fischerella 
ambigua UTEX 
1903 
AHB62763.1 73/82 
welD3 408 2550701576 AmbD3 / HpiD3 Fischerella 
ambigua UTEX 
1903 / Fischerella 
sp. PCC 9339  
AHB62776.1 / 
WP_017308616.1 
99/99 
welD2 648 2550701575 AmbD2 Fischerella 
ambigua UTEX 
1903 
AHB62775.1 96/98 
welP1 308 2550701574 AmbP1 / HpiP1 Fischerella 
ambigua UTEX 
1903 / Fischerella 
sp. PCC 9339  
AHB62774.1 / 
WP_017308618.1 
96/97 
welI3 273 2550701572 HpiI3 Fischerella sp. 
PCC 9339  
WP_017308619.1 92/97 
welI2 331 2550701571 AmbI2 Fischerella 
ambigua UTEX 
1903 
AHB62772.1 96/98 
welI1 319 2550701569 AmbI1 / HpiI1 Fischerella 
ambigua UTEX 
1903 / Fischerella 
sp. PCC 9339 
AHB62771.1 / 
WP_017308621.1 
89/96 
welD1 285 2550701568 AmbD1 / HpiD1 Fischerella 
ambigua UTEX 
1903 / Fischerella 
sp. PCC 9339 
AHB62770.1 / 
WP_017308622.1 
94/97 
welC1 192 2550701566 AmbC1 / HpiC1 Fischerella 
ambigua UTEX 
1903 / Fischerella 
sp. PCC 9339 
AHB62769.1 / 
WP_017308623.1 
86/92 
welM2 254 2550701565 SAM-dependent 
methyltransferase 
Rhodococcus  WP_005260767 29/52 
orf1 359 2550701564 6- 
phosphofrucktokinase  
Nostoc sp. PCC 
7120 
YP_227636.1 91/94 
orf12 846 2550701562 Acyl-CoA 
dehydrogenase 
Fischerella 
muscicola  
WP_016868810.1 81/90 
* Size of encoded protein 
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              I 
PvcA                   QVQLPRIAAFIEAGEPIEFVLPAFPAKSPNPGKVLDSRPDMAERLSLSFLNHLCQRIQLF 
IsnA                   APHLSKVRRAIERREPIHLVLPAFPAKSPSRRKTFGPLPDKAEELALESLQSLCNAIQLL 
FS43239_HpiI1          APHLPKIQSFIENNEPIHFILPAFPAKSPNPQKVLGPMPDMGERVALQFLQNLCNQISEI 
FS43239_HpiI2          APHLDKVQYFVANNEPIHFILPAFPAKSPNTQKVLGTMPDMGEQVSLKFLQSLCDQISEI 
FS9339_HpiI1           APHLPKIQSFIENNEPIHFILPAFPAKSPNPQKVLGPMPDMGERVALQFLQNLCNQISEI 
FS9339_HpiI2           APHLEKVQYFVEHNEPIHFILPAFPAKSPNTQKVLGTMPDMGEQVSLKFLQSLCDQISEI 
FA_AmbI1               APHLPKIQSFIENNEPIHFILPAFPAKSPNPQKVLGPMPDMGERVALQFLQNLCNQISEI 
FA_AmbI2               APHLEKVQYFVEHNEPIHFILPAFPAKSPNTQKVLGTMPDMGEQVSLKFLQSLCDQISEI 
HW_WelI1               APHIPKIQSFIESNEPIHFILPAFPAKSPNPQKVLGPMPDMGERVALQFLQNLCNHISQI 
HW_WelI2               APHLDKVQYFVENNEPIHFILPAFPAKSPNTQKVLGTMPDMGEQVSLKFLQSLCDQISEI 
WI_WelI1               APHIPKIQSFIESNEPIHFILPAFPAKSPNPQKVLGPMPDMGERVALQFLQNLCNHISQI 
WI_WelI2               APHLDKVQYFVENNEPIHFILPAFPAKSPNTQKVLGTMPDMGEQVSLKFLQSLCDQISEI 
FS9431_WelI1           APHIPKIQSFIESNEPIHFILPAFPAKSPNPQKVLGPMPDMGERVALQFLQNLCNHISQI 
FS9431_WelI2           APHLDKVQYFVENNEPIHFILPAFPAKSPNTQKVLGTMPDMGEQVSLKFLQSLCDQISEI 
FMSAG1427-1_WelI1      APHIPKIQSFIEHNEPIHFILPAFPAKSPNPQKVLGPMPDMGERVALQFLQNLCNQISKV 
FMSAG1427-1_WelI2      APHLEKVQYFVEHNEPIHFILPAFPAKSPNTQKVLGTMPDMGELVSLKFLQSLCNQISEI 
                         :: ::   :   ***.::*********.  *.:   ** .* ::*. *: **: *. . 
               II 
PvcA                   YAPGAKITVCSDGRVFGDLVRIGDAHISAYQDALRLMIEEIGATHIGVFNLEDVRAFEAQ 
IsnA                   YAPGARLTLCSDGRVFSDLVGVTEEDVTRYGQEIRTMIRRLGLRSLDTFHLEDRFT---- 
FS43239_HpiI1          YASGAKITICSDGRVFTDLVAITDENVSLYRQGIQRLLNEINADAIDTFCLENVFT---- 
FS43239_HpiI2          YAPGAKLTICSDGRVFSDLVGVTDENVTLYGQIIQALLKEMKADAIDVFNLEDMYT---- 
FS9339_HpiI1           YASGAKITICSDGRVFTDLVAITDENVSLYRQGIQRLLNEINADAIDTFCLENVFT---- 
FS9339_HpiI2           YAPGAKLTICSDGRVFSDLVGVTDENVTLYGQIIQALLKEMNADAIDVFNLEDMYT---- 
FA_AmbI1               YASGAKITICSDGRVFTDLVAITDENVSLYRQGIQRLLNEINADAIDTFCLENVFT---- 
FA_AmbI2               YAPGAKLTICSDGRVFSDLVGVTDENVTLYGQIIQALLKEMKADAIDVFNLEDMYT---- 
HW_WelI1               YAPGAKITICSDGRVFTDLVAITDENVSLYRQGIGRLLNEINADAIDTFCLENVFT---- 
HW_WelI2               YAPGAKLTICSDGRVFSDLVGVTDENVTLYGQIILTLLKEMKADAIDVFNLEDMYT---- 
WI_WelI1               YAPGAKITICSDGRVFTDLVAITDENVSLYRQGIGRLLNEINADAIDTFCLENVFT---- 
WI_WelI2               YAPGAKLTICSDGRVFSDLVGVTDENVTLYGQIILTLLKEMKADAIDVFNLEDMYT---- 
FS9431_WelI1           YAPGAKITICSDGRVFTDLVAITDENVSLYRQGIGRLLNEINADTIDTFCLENVFT---- 
FS9431_WelI2           YAPGAKLTICSDGRVFSDLVGVTDENVTLYGQIILTLLKEMKADAIDVFNLEDMYT---- 
FMSAG1427-1_WelI1      YPPGAKITICSDGRVFTDLVAITDENVSLYRQGIERLLNEINADRIDTFCLENVFS---- 
FMSAG1427-1_WelI2      YAPGAKLTICSDGRVFSDLVAVTDENVTLYGQRIQALLKEMEADAINVFNLEDMYT---- 
                       *  **::*:******* *** : : .:: * : :  ::..:    : .* **:  :     
                                                                                                                      III 
PvcA                   RDNHEQLRQLLIGGYAEPLESIRETLLASEEGLLLYRAITRFLYEDGLTPDYQ-GSKTAL 
IsnA                   GDTFQEMRDLMETQYAEPYAQFAARVQKD--NPILLNGIERFLLEERSPDAPA-LSKTQA 
FS43239_HpiI1          GMSFDQMRKTLVKQYAQPIESIQERVNSEDKHRQFFKGIYHLLFDDYLVLYPD-KSREQI 
FS43239_HpiI2          DLSFDEMRQKLVKLYGQTIEAIKDAVKNNDHQCQMFNGIHRFLVEDYQVLEADK-SRNKI 
FS9339_HpiI1           GMSFDQMRKTLVKQYAQPIESIQERVNSEDKHRQFFKGIYHLLFDDYLVLYPD-KSREQI 
FS9339_HpiI2           DLSFDEMRQKLVKLYGQTIEAIKDAVKNNEHQCQMFNGIHRFLVEDYQVLEADKKSRNKI 
FA_AmbI1               GMSFDQMRKTLVKQYAQPIESIQERVNSEDKHRQFFKGIYHLLFDDYLVLYPD-KSREQI 
FA_AmbI2               DLSFDEMRQKLVKLYGQTIEAIKDAVKNNDHQCQMFNGIHRFLVEDYQVLEAHK-SRNKI 
HW_WelI1               GMSFDQMRKTLVEQYAQPIESIQERVNSEDKHRQFFNGIYHLLFDDYLVLYPD-KSREQI 
HW_WelI2               DLSFDQMRHKLVKLYGQSIEAIKDAVKNNEHQCQMFNGIHRFLVEDYQVLEAH-KSRNKI 
WI_WelI1               GMSFDQMRKTLVEQYAQPIESIQERVNSEDKHRQFFNGIYHLLFDDYLVLYPD-KSREQI 
WI_WelI2               DLSFDQMRHKLVKLYGQSIEAIKDAVKNNEHQCQMFNGIHRFLVEDYQVLEAH-KSRNKI 
FS9431_WelI1           GMSFDQMRKTLVEQYAQPIESIQERVNSEDKHRQFFNGIYHLLFDDYLVLYPD-KSREQI 
FS9431_WelI2           DLSFDQMRHKLVKLYGQSIEAIKDAVKNNEHQCQMFNGIHRFLVEDYQVLEAH-KSRNKI 
FMSAG1427-1_WelI1      RMSFDEMRKTLIKQYSQPIESIQERVNSEDKHRQFFNGIYHLLFDDYLVLYPD-KPRNQV 
FMSAG1427-1_WelI2      DLSFDEMRQKLVKLYGQNIEAIKEAVKNDDHHCQMFNGIHRFLVEDYQVLEAH-KSRNKI 
                         ..:::*. :   *.:    :   :  .     : ..* ::* ::          :    
                                     IV                             V                                           VI 
PvcA                   QRDAKERAYGVIQRSWAWGALLADQFPRAIRLSIHPQPADSLKFGIHMMP--TRDWLTPWHG 
IsnA                   RKEARTRAIEVVRRSEAWGRLIAERFPSALRLSIHPQMPHSPKIGLRMGEQGKDLWITPWHG 
FS43239_HpiI1          EVECNLRAYEVIQRSNAWTTLVGQHFPQSLRLSIHPQDYHSNKIGIHMIK-TSDQWGTPWHN 
FS43239_HpiI2          RLECKARAYEVIQRSNAWSVLISELYPHSVRLSIHPQHYHSEKIGIHMIK-TLDQWGTPWHN 
FS9339_HpiI1           EVECNLRAYEVIQRSNAWTTLVGQHFPQSLRLSIHPQDYHSNKIGIHMIK-TSDQWGTPWHN 
FS9339_HpiI2           RLECKTRAYEVIQRSNAWSVLISELYPHSVRLSIHPQHYHSEKIGIHMIK-TLDQWGTPWHN 
FA_AmbI1               EVECNLRAYEVIQRSNAWTTLVGQHFPQSLRLSIHPQDYHSNKIGIHMIK-TSDQWGTPWHN 
FA_AmbI2               RLECKTRAYEVIQRSNAWSVLISELYPHSVRLSIHPQHYHSEKIGIHMIK-TLDQWGTPWHN 
HW_WelI1               EIECNVRAYEVIQRSNAWTTLVGQHFPQSLRLSIHPQDYHSNKIGIHMIK-TSDQWGTPWHN 
HW_WelI2               RLECKARAYEVIQRSNAWSVLISELYPHSVRLSIHPQHYHSEKIGIHMIK-TLDQWGTPWHN 
WI_WelI1               EIECNVRAYEVIQRSNAWTTLVGQHFPQSLRLSIHPQDYHSNKIGIHMIK-TSDQWGTPWHN 
WI_WelI2               RLECKARAYEVIQRSNAWSVLISELYPHSVRLSIHPQHYHSEKIGIHMIK-TLDQWGTPWHN 
FS9431_WelI1           EIECNVRAYEVIQRSNAWTTLVGQHFPQSLRLSIHPQDYHSNKIGIHMIK-TSDQWGTPWHN 
FS9431_WelI2           RLECKARAYEVIQRSNAWSVLISELYPHSVRLSIHPQHYHSEKIGIHMIK-TLDQWGTPWHN 
FMSAG1427-1_WelI1      EVECNVRAYEVIQRSNAWTKLVGQHFPQSLRLSIHPQHYHSDKIGIHMIK-TSDQWGTPWHN 
FMSAG1427-1_WelI2      RLECKTRAYEVIQRSNAWSVLISELYPHSVRLSIHPQHYHSEKIGIHMIK-TLDQWGTPWHN 
                       . :.. **  *::** **  *:.: :* ::*******  .* *:*::*       * **** 
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3.6.9 Sequence alignment and identification of conserved motifs from 
isonitrile proteins I1 and I2.  
All identified I1 and I2 proteins in hpi, amb and wel biosynthetic gene clusters were aligned with 
PvcA from Pseudominas aeruginosa PA01 (GenBank: AAC21671) and IsnA from uncultured 
organism (GenBank: AAZ39275). The six previously identified conserved motifs are identified within 
the boxes (Drake and Gulick, 2008). 
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FS_ATCC43239_HpiI3      MMVSTS---V-EQSTQFSVKSLTPFGALLEATEDHSDIQQLSIEQLCQLTWEHRLIVLRG 
FS_PCC9339_HpiI3        MMVSTS---V-EQSAQFSVKSLTPFGALLEATEDHSDIQQLSIEQLCQLTWEHRLIVLRG 
FA_UTEX1903_AmbI3       MIVSTS---V-EQSAQFSVKSLTPFGALLEATEDHSDIQQLSIEQLCQLTWEHRLIVLRG 
HW_IC-52-3_WelI3        MMVSTS---V-EQSTQFSVKSLTPFGALLEANEDHSDIQQLSIEQLCQLTWEHRLIVLRG 
WI_HT-29-1_WelI3        MMVSTS---V-EQSTQFSVKSLIPFGALLEANEDCSDIQQLSIEQLCQLTWEHRLIVLRG 
FS_PCC9431_WelI3        MMVSTS---V-EQSTQFSVKSLTPFGALLEANEDHSDIQQLSIEQLCQLTWEHRLIVLRG 
FM_SAG1427-1_WelI3      MMVSTS---L-GQSTQFSVKPLTPFGALLEATEYHSDIKQLSIEQLCELTWEHRLIVLRG 
IsnB                    -MTHATLQSN-TTTERWQQQLLPTFGMLVHAREAGTPLSSLPADTLRAWAEAESLVILRG 
PvcB                    MNAYLSDQPVRLSPLRDEQGNQPRFGLLLEPGRPGMHVGELPAQWLKGLARSHHLLLLRG 
                          .  :         : .      ** *:.  .    : .*  : *   :  . *::*** 
 
                                                                         H D 
FS_ATCC43239_HpiI3      FSLL-EREELSIYCQRWGELLVWNFGTVLDLIVHQNPENYLFTNGNVPFHWDGAFAEAVP 
FS_PCC9339_HpiI3        FSLL-EREELSTYCQRWGELLVWNFGTVLDLIVHQNPENYLFTNGNVPFHWDGAFAEAVP 
FA_UTEX1903_AmbI3       FSLL-EREELSTYCQRWGELLVWNFGTVLDLIVHQNPENYLFTNGNVPFHWDGAFAEAVP 
HW_IC-52-3_WelI3        FSLL-EREELSTYCQRWGELLVWNFGTVLDLIVHQNPENYLFTNGNVPFHWDGAFAEAVP 
WI_HT-29-1_WelI3        FSLL-EREELSTYCQRWGELLVWNFGTVLDLIVHQNPENYLFTNGNVPFHWDGAFAEAVP 
FS_PCC9431_WelI3        FSLL-EREELSTYCQRWGELLVWNFGTVLDLIVHQNPENYLFTNGNVPFHWDGAFAEAVP 
FM_SAG1427-1_WelI3      FSLL-EREELSTYCQRWGELLIWNFGTVLDLIVHESPENYLFTNGNVPFHWDGAFAEAVP 
IsnB                    FAPP-EGDALPSYCRGLGDLLEWDFGAINNLQAQSEAKNYLFTNRAVPFHWDGAFVGRIP 
PvcB                    FAAFADAESLTRYCHDFGEVMLWPFGAVLELVEQEGAEDHIFANNYVPLHWDGMYLETVP 
                        *:   : : *  **:  *::: * **:: :*  :.  ::::*:*  **:**** :   :* 
 
FS_ATCC43239_HpiI3      RFLFFQCLKAPEAGSGGESLFCDTVRTLQNVSPQQREIWQKTEISYKTEKVAHYGGEITK 
FS_PCC9339_HpiI3        RFLFFQCLKAPEAGSGGESLFCDTVRILQNVSPQQREIWQKTEISYKTQKVAHYGGEITK 
FA_UTEX1903_AmbI3       RFLFFQCLKAPEAGSGGESLFCDTVRILQNVSPQQREIWQKTEISYKTQKVAHYGGEITK 
HW_IC-52-3_WelI3        RFLFFQCLKAPEAGSGGESLFCDTVRILQNVSPEQREIWQKTEINYKTEKVAHYGGEITK 
WI_HT-29-1_WelI3        RFLFFQCLKAPEAGSGGESLFCDTVRILQNLSPQQREIWQKTEINYKSEKVAHYGGEITK 
FS_PCC9431_WelI3        RFLFFQCLKAPEAGSGGESLFCDTVRILQNVSPEQREIWQKTEINYKTEKVAHYGGEITK 
FM_SAG1427-1_WelI3      RFLFFQCLKAPEAGSGGESLFCDTVRILQNLSPQQREIWEKTEVSYKTEKVAHYGGEIIK 
IsnB                    HWIFFHCASAPEENTGGETLFCHTPLLLEAVSAAGRAQWENISIRYSTEKLAHYGGSFTS 
PvcB                    EFQVFHCVDAPGDTDGGRTTFSSTPAALQLADSSELELWRRASARYQR-SAAHYSSRSAA 
                        .: .*:* .**    **.: *. *   *:  .      *.. .  *.  . ***..     
 
FS_ATCC43239_HpiI3      SLVIKHPITGLSTLRFAEPLND-ASVHLNPLYVEVCNLPTEEQNSFINELIENLYLPQNC 
FS_PCC9339_HpiI3        SLVIKHPITGLSTLRFAEPLND-ASVHLNPLYVEVCNLPAEEQNPFINELIENLYLPQNC 
FA_UTEX1903_AmbI3       SLVIKHPITGLSTLRFAEPLND-ASVHLNPLYVEVCNLPAEEQNPFINELIENLYLPQNC 
HW_IC-52-3_WelI3        SLVTKHPITGLSTLRFAEPLND-ASVHLNPLYVEVCNLPTEEQNPFLNELIENLYLPQNC 
WI_HT-29-1_WelI3        SLVTKHPITGLSTLRFAEPLND-ASVHLNPLYVEVCNLPTEEQNPFLNELIENLYLPQNC 
FS_PCC9431_WelI3        SLVTKHPITGLSTLRFAEPLND-ASVHLNPLYVEVCNLPTEEQNPFLNELIENLYLPQNC 
FM_SAG1427-1_WelI3      SLVSKHPITGLSTLRFAEPLND-ASVHLNPLYVEVCNLPAEEQNQFLSELIENLYLPQNC 
IsnB                    PLLAAHPIHGQTILRYAEPVND-----LNPVHLEIQGLPEESHTAFLEGMHTRLYDPAVC 
PvcB                    PIVERHPRREFPILRFCEPPVEGDASFINPSEFHYDGIAPEQRGELLASLRRCLYHPQAH 
                         ::  **      **:.**  :     :**  ..   :  *.:  ::  :   ** *    
  
                                           H          R 
FS_ATCC43239_HpiI3      FAHEWQEGDFLIADNHALLHGRNPFLSNSQRHLQRVHIL------------- 
FS_PCC9339_HpiI3        FAHEWQEGDFLIADNHALLHGRNPFLSNSQRHLQRVHIL------------- 
FA_UTEX1903_AmbI3       FAHEWQEGDFLIADNHALLHGRNPFLSNSQRHLQRVHIL------------- 
HW_IC-52-3_WelI3        FAHEWQEGDFLIADNHALLHGRNPFLFNSQRHLQRVHIL------------- 
WI_HT-29-1_WelI3        FAHEWQEGDFLIADNHALLHGRNPFLFNSQRHLQRVHIL------------- 
FS_PCC9431_WelI3        FAHEWQEGDFLIADNHALLHGRNPFLFNSQRHLQRVHIL------------- 
FM_SAG1427-1_WelI3      FGHEWQEGDFLVADNHALLHGRNPFLSNSQRHLQRVHIL------------- 
IsnB                    YAHAWQTGDIVIADNFTLLHGRRAFLRPESRHLRRVNIL------------- 
PvcB                    YAHRWRSDDLVIADNLTLLHGREAFAHRAPRHLRRVHIHAEPALRNPHLQRD 
                        :.* *:  *:::*** :*****. *     ***:**.*               
 
3.6.10 Sequence alignment of isonitrile protein I3 with IsnB and PvcB.  
All I3 proteins in hpi, amb and wel biosynthetic gene clusters were aligned with PvcB from 
Pseudominas aeruginosa PA01 (GenBank: AAC21672) and IsnB from uncultured organism 
(GenBank: AAZ39276). The four previously identified amino acid residues of the active site are 
identified within the boxes (Drake and Gulick, 2008).  
 
 
 
  
 
3.6.11 Sequece identity of all oxygenase proteins  
 
AmbO1 AmbO2 AmbO3 AmbO4 AmbO5 AmbO6 AmbO7
FS9339_ 
HpiO8
FS9339_ 
HpiO4
FS9339_ 
HpiO5
FS9339_ 
HpiO6 
 FS43239_ 
HpiO8
 FS43239_ 
HpiO9
 FS43239_ 
HpiO10
HW_   
WelO11
HW_   
WelO12
HW_   
WelO13
HW_   
WelO14
HW_   
WelO15
HW_   
WelO16
HW_   
WelO17
WI_   
WelO11
WI_   
WelO12
WI_   
WelO13
WI_   
WelO14
WI_ 
WelO15
WI_  
WelO16
WI_  
WelO17
WI_  
WelO18
WI_  
WelO19
FS9431_ 
WelO12
FS9431_ 
WelO14
FS9431_ 
WelO15
FS9431_ 
WelO16
FS9431_ 
WelO17
FMSAG14
27-1_         
WelO18
FMSAG14
27-1_      
WelO19
AmbO1 100 76.32 78.55 49.11 20.43 17.55 16.27 67.79 49.11 19.15 17.55 67.79 68.8 13.58 61.35 68.82 69.27 67.32 17.06 13.69 11.76 66.85 68.54 69.55 67.6 17.06 13.69 11.76 17.86 72.07 68.54 67.04 17.06 13.69 11.76 19.3 71.79
AmbO2  76.32 100 72.7 51.6 18.72 17.99 13.04 65.83 51.6 17.45 17.99 65.83 64.9 15.34 61.04 62.92 64.53 64.25 18.82 11.31 12.2 64.99 62.64 64.8 64.8 18.82 11.31 11.71 18.75 63.69 62.64 64.25 18.82 11.31 11.71 20.18 64.53
AmbO3  78.55 72.7 100 52.65 16.88 17.37 16.8 71.43 52.65 15.61 17.37 71.43 68.42 15.24 62.88 71.91 68.89 65.92 17.65 15.38 11.17 69.1 71.63 69.17 66.2 17.65 15.98 10.68 20.35 68.44 71.35 65.64 17.65 15.38 10.68 21.74 68.44
AmbO4                      49.11 51.6 52.65 100 16.29 13.99 13.57 46.45 100 15.73 13.99 46.45 50 13.38 47.41 48.94 48.77 50 12.41 11.28 14.46 49.29 49.29 49.12 51.06 12.41 11.28 15.66 12.67 51.25 48.94 49.65 12.41 11.28 15.66 15.58 50.89
AmbO5 20.43 18.72 16.88 16.29 100 13.33 13.98 15.88 16.29 98.1 13.33 15.88 19.15 10.68 15.88 18.03 14.71 15.29 80.69 13.77 11.83 15.88 18.03 14.79 15.98 78.62 13.77 12.43 21.15 19.23 17.6 17.02 78.62 14.37 12.43 21.62 19.66
AmbO6 17.55 17.99 17.37 13.99 13.33 100 15.08 17.02 13.99 13.33 100 17.02 16.84 11.35 17.5 16.49 9.24 9.78 17.62 18.37 11.89 18.42 17.02 8.33 11.31 16.39 18.37 11.89 20 17.11 17.02 21.55 16.39 18.37 11.48 21.62 19.9
AmbO7 16.27 13.04 16.8 13.57 13.98 15.08 100 15.94 13.57 13.44 15.08 15.94 13.78 11.59 13.04 15.54 18.88 18.7 14.67 14.69 11.97 15.81 15.54 16.28 16.86 16 14.69 11.54 20 15.48 15.54 18.9 16 14.69 11.97 19.77 15.51
FS9339_HpiO8 67.79 65.83 71.43 46.45 15.88 17.02 15.94 100 46.45 14.59 17.02 100 68.44 12.27 68.5 72.27 48.77 50 12.41 13.69 11.71 75.35 72.27 49.12 51.06 12.41 13.69 10.73 19.28 69.38 72.55 66.39 12.41 13.69 10.73 20.7 68.26
FS9339_HpiO4 49.11 51.6 52.65 100 16.29 13.99 13.57 46.45 100 15.73 13.99 46.45 50 13.38 47.41 48.94 14.71 15.29 78.62 11.28 14.46 49.29 49.29 14.2 15.38 76.55 11.28 15.66 12.67 51.25 48.94 49.65 76.55 11.28 15.66 15.58 50.89
FS9339_HpiO5  19.15 17.45 15.61 15.73 98.1 13.33 13.44 14.59 15.73 100 13.33 14.59 17.45 10.68 14.59 16.74 9.24 9.78 17.62 14.37 11.83 14.59 16.74 8.33 11.31 16.39 14.37 12.43 19.82 17.95 16.31 15.74 16.39 14.97 12.43 20.27 18.38
FS9339_HpiO6 17.55 17.99 17.37 13.99 13.33 100 15.08 17.02 13.99 13.33 100 17.02 16.84 11.35 17.5 16.49 67.51 66.39 16.37 18.37 11.89 18.42 17.02 68.07 66.67 16.37 18.37 11.89 20 17.11 17.02 21.55 16.37 18.37 11.48 21.62 19.9
 FS43239_HpiO8 67.79 65.83 71.43 46.45 15.88 17.02 15.94 100 46.45 14.59 17.02 100 68.44 12.27 68.5 72.27 67.51 66.39 16.37 13.69 11.71 75.35 72.27 68.07 66.67 16.37 13.69 10.73 19.28 69.38 72.55 66.39 16.37 13.69 10.73 20.7 68.26
FS43239_HpiO9 68.8 64.9 68.42 50 19.15 16.84 13.78 68.44 50 17.45 16.84 68.44 100 16.36 60.24 66.95 67.04 67.13 15.2 14.79 13.04 66.11 67.23 67.87 68.25 15.2 14.79 12.08 20.89 67.88 66.95 67.41 15.2 14.79 12.08 22.27 67.88
FS43239_HpiO10 13.58 15.34 15.24 13.38 10.68 11.35 11.59 12.27 13.38 10.68 11.35 12.27 16.36 100 10.71 14.81 9.57 10.81 10.43 12.18 20.83 12.8 14.81 13.71 13.22 10.43 12.18 20.83 18.95 14.81 14.81 11.86 10.43 12.18 20.56 14.65 10.5
HW_WelO11 61.35 61.04 62.88 47.41 15.88 17.5 13.04 68.5 47.41 14.59 17.5 68.5 60.24 10.71 73.62 73.62 67.79 69.02 15.79 16.36 10.44 91.74 73.93 66.87 68.1 15.79 16.36 9.89 18.83 60.92 74.54 69.02 15.79 16.36 9.89 20.36 60.31
HW_WelO12 68.82 62.92 71.91 48.94 18.03 16.49 15.54 72.27 48.94 16.74 16.49 72.27 66.95 14.81 73.62 100 74.79 73.95 14.71 14.37 12.25 78.99 99.72 73.39 72.83 14.71 14.37 12.75 18.92 68.17 98.6 73.39 14.71 14.37 12.75 20.8 67.89
HW_WelO13 69.27 64.53 68.89 48.77 14.71 9.24 18.88 48.77 14.71 9.24 67.51 67.51 67.04 9.57 67.79 74.79 79.39 15.88 16.06 18.06 73.95 74.51 97.79 78.55 15.88 16.06 18.06 16.13 65.27 74.23 78.83 15.88 16.06 18.06 16.13 65.55
HW_WelO14 67.32 64.25 65.92 50 15.29 9.78 18.7 50 15.29 9.78 66.39 66.39 67.13 10.81 69.02 73.95 79.39 17.06 18.45 18.5 73.67 74.23 78.27 97.49 17.06 18.45 18.5 16.53 64.71 73.95 98.61 17.06 18.45 18.5 16.53 64.71
HW_WelO15 17.06 18.82 17.65 12.41 80.69 17.62 14.67 12.41 78.62 17.62 16.37 16.37 15.2 10.43 15.79 14.71 15.88 17.06 14.1 12.03 15.88 14.71 15.98 16.57 94.83 14.1 12.03 20.49 15.98 14.71 17.06 94.83 14.1 11.39 20.49 15.98
HW_WelO16 13.69 11.31 15.38 11.28 13.77 18.37 14.69 13.69 11.28 14.37 18.37 13.69 14.79 12.18 16.36 14.37 16.06 18.45 14.1 100 13.93 16.07 14.37 18.73 19.7 13.46 98.43 13.52 22.22 11.9 14.37 15.43 13.46 99.48 14.34 21.4 15.29
HW_WelO17 11.76 12.2 11.17 14.46 11.83 11.89 11.97 11.71 14.46 11.83 11.89 11.71 13.04 20.83 10.44 12.25 18.06 18.5 12.03 13.93 100 12.14 12.25 17.28 17.55 11.39 14.34 98.65 15.68 11.33 11.76 14.6 11.39 13.93 99.42 14.6 14.8
WI_WelO11 66.85 64.99 69.1 49.29 15.88 18.42 15.81 75.35 49.29 14.59 18.42 75.35 66.11 12.8 91.74 78.99 73.95 73.67 15.88 16.07 12.14 100 79.27 73.11 72.83 15.88 16.07 11.17 19.37 66.48 79.83 73.67 15.88 16.07 11.17 21.24 66.2
WI_WelO12 68.54 62.64 71.63 49.29 18.03 17.02 15.54 72.27 49.29 16.74 17.02 72.27 67.23 14.81 73.93 99.72 74.51 74.23 14.71 14.37 12.25 79.27 100 73.11 73.11 14.71 14.37 12.75 18.92 68.45 98.88 73.67 14.71 14.37 12.75 20.8 68.17
WI_WelO13 69.55 64.8 69.17 49.12 14.79 8.33 16.28 49.12 14.2 8.33 68.07 68.07 67.87 13.71 66.87 73.39 97.79 78.27 15.98 18.73 17.28 73.11 73.11 79.67 15.38 18.73 17.8 15.15 65.27 73.39 78.27 15.38 18.73 17.8 15.15 65.55
WI_WelO14 67.6 64.8 66.2 51.06 15.98 11.31 16.86 51.06 15.38 11.31 66.67 66.67 68.25 13.22 68.1 72.83 78.55 97.49 16.57 19.7 17.55 72.83 73.11 79.67 16.57 19.7 17.55 16.88 64.43 73.39 98.05 16.57 19.7 17.55 16.88 64.43
WI_WelO15 17.06 18.82 17.65 12.41 78.62 16.39 16 12.41 76.55 16.39 16.37 16.37 15.2 10.43 15.79 14.71 15.88 17.06 94.83 13.46 11.39 15.88 14.71 15.38 16.57 13.46 11.39 20.08 15.98 14.71 17.06 99.31 13.46 10.76 20.08 15.98
WI_WelO16 13.69 11.31 15.98 11.28 13.77 18.37 14.69 13.69 11.28 14.37 18.37 13.69 14.79 12.18 16.36 14.37 16.06 18.45 14.1 98.43 14.34 16.07 14.37 18.73 19.7 13.46 100 13.93 22.22 11.9 14.37 15.43 13.46 98.95 14.75 21.4 14.88
WI_WelO17                                                                                      98.8411.76 11.71 10.6 15.66 12.43 11.89 11.54 10.73 15.66 12.43 11.89 10.73 12.08 20.83 9.89 12.75 18.06 18.5 12.03 13.52 98.65 11.17 12.75 17.8 17.55 11.39 13.93 100 15.68 11.33 12.25 14.6 11.39 13.52 98.84 14.6 14.8
WI_WelO18 17.86 18.75 20.35 12.67 21.15 20 20 19.28 12.67 19.82 20 19.28 20.89 18.95 18.83 18.92 16.13 16.53 20.49 22.22 15.68 19.37 18.92 15.15 16.88 20.08 22.22 15.68 100 18.39 18.92 21.43 20.08 22.22 15.68 98.96 18.83
WI_WelO19 72.07 63.69 68.44 51.25 19.23 17.11 15.48 69.38 51.25 17.95 17.11 69.38 67.88 14.81 60.92 68.17 65.27 64.71 15.98 11.9 11.33 66.48 68.45 65.27 64.43 15.98 11.9 11.33 18.39 100 68.45 64.43 15.98 11.9 11.33 19.38 98.32
FS9431_WelO12 68.54 62.64 71.35 48.94 17.6 17.02 15.54 72.55 48.94 16.31 17.02 72.55 66.95 14.81 74.54 98.6 74.23 73.95 14.71 14.37 11.76 79.83 98.88 73.39 73.39 14.71 14.37 12.25 18.92 68.45 100 74.51 14.71 14.37 12.25 20.8 68.17
FS9431_WelO14 67.04 64.25 65.64 49.65 17.02 21.55 18.9 66.39 49.65 15.74 21.55 66.39 67.41 11.86 69.02 73.39 78.83 98.61 17.06 15.43 14.6 73.67 73.67 78.27 98.05 17.06 15.43 14.6 21.43 64.43 74.51 17.06 15.43 14.6 22.37 64.43
FS9431_WelO15 17.06 18.82 17.65 12.41 78.62 16.39 16 12.41 76.55 16.39 16.37 16.37 15.2 10.43 15.79 14.71 15.88 17.06 94.83 13.46 11.39 15.88 14.71 15.38 16.57 99.31 13.46 11.39 20.08 15.98 14.71 17.06 13.46 10.76 20.08 15.98
FS9431_WelO16 13.69 11.31 15.38 11.28 14.37 18.37 14.69 13.69 11.28 14.97 18.37 13.69 14.79 12.18 16.36 14.37 16.06 18.45 14.1 99.48 13.93 16.07 14.37 18.73 19.7 13.46 98.95 13.52 22.22 11.9 14.37 15.43 13.46 100 14.34 21.4 15.29
FS9431_WelO17                     11.76 11.71 10.68 15.66 12.43 11.48 11.97 10.73 15.66 12.43 11.48 10.73 12.08 20.56 9.89 12.75 18.06 18.5 11.39 14.34 99.42 11.17 12.75 17.8 17.55 10.76 14.75 98.84 15.68 11.33 12.25 14.6 10.76 14.34 100 14.6 14.8
FMSAG1427-1_WelO18 19.3 20.18 21.74 15.58 21.62 21.62 19.77 20.7 15.58 20.27 21.62 20.7 22.27 14.65 20.36 20.8 16.13 16.53 20.49 21.4 14.6 21.24 20.8 15.15 16.88 20.08 21.4 14.6 98.96 19.38 20.8 22.37 20.08 21.4 14.6 19.82
FMSAG1427-1_WelO19 71.79 64.53 68.44 50.89 19.66 19.9 15.51 68.26 50.89 18.38 19.9 68.26 67.88 10.5 60.31 67.89 65.55 64.71 15.98 15.29 14.8 66.2 68.17 65.55 64.43 15.98 14.88 14.8 18.83 98.32 68.17 64.43 15.98 15.29 14.8 19.82
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AmbO1                   AGKPVIMERFCSHLGASLAIGEVVDGCIRCPFHHWRYDSSGVCVDIPKVAVPTTDVIPPT 
AmbO2                   AGKPIIMERFCSHLGASLAIGEVVDGCIRCPFHHWRYDSSGVCVDIPKVATPTTDVIPPT 
AmbO3                   AGKPVIMERFCSHLGASLAIGEVVDGCIRCPFHHWRYDSSGVCVDIPKVAAPTTDVIPPT 
AmbO4                   IGKPVIMDDFS------------------------------------------------- 
FS9339_HpiO4            IGKPVIMDDFS------------------------------------------------- 
FS9339_HpiO8            AGKAVIMDRFCSHLGASLAIGEVVDGCIQCPFHHWRYDSSGVCVDIPKVAAPVTDQIPAT 
FS43239_HpiO8           AGKAVIMDRFCSHLGASLAIGEVVDGCIQCPFHHWRYDSSGVCVDIPKVAAPVTDQIPAT 
FS43239_HpiO9           AGKAVIMERFCSHLGASLAIGQLVDGCIQCPFHHWRYDNSGVCVHIPKVATPVTDQIPAT 
HW_WelO11               DRKAVIMERFCSHVGASLAIGEVVDGCIQCPFHHWRYDSSGVCVHIPKVATPHTDHIPST 
HW_WelO12               DRKAVIMERFCSHVGASLAIGEVVDGCIQCPFHHWRYDSSGVCVHIPKVATPHTDHIPST 
HW_WelO13               DRKAVIMERFCSHVGASLAIGEVVDGCIQCPFHHWRYDHSGVCVHIPKVATPHTDHIPST 
HW_WelO14               DRKAVIMERFCSHVGASLAIGEVVDGCIQCPFHHWRYDSSGVCVQIPKVATPHTDHIPST 
WI_WelO11               DRKAVIMERFCSHVGASLAIGEVVDGCIQCPFHHWRYDSSGVCVHIPKVATPHTDHIPST 
WI_WelO12               DRKAVIMERFCSHVGASLAIGEVVDGCIQCPFHHWRYDSSGVCVHIPKVATPHTDHIPST 
WI_WelO13               DRKAVIMERFCSHVGASLAIGEVVDGCIQCPFHHWRYDSSGVCVHIPKVATPHTDHIPST 
WI_WelO14               DRKAVIMERFCSHVGASLAIGEVVDGCIQCPFHHWRYDSSGVCVHIPKVATPHTDHIPST 
WI_WelO19               LGKPVIMERFCSHMGASLAIGQIIDGCIQCPFHHWRYDSSGVCVDIPKVATPTTDVIPST 
FS9431_WelO12           DRKAVIMERFCSHVGASLAIGEVVDGCIQCPFHHWRYDSSGVCVHIPKVATPHTDHIPST 
FS9431_WelO14           DRKAVIMERFCSHVGASLAIGEVVDGCIQCPFHHWRYDSSGVCVHIPKVATPHTDHIPST 
FMSAG1427-1_WelO19      LGKPVIMERFCSHMGASLAIGQIIDGCIQCPFHHWRYDSSGVCVDIPKVATPTTDVIPST 
 
AmbO1                   ARQHTYVTQEKYGYIWVWYGSATPMFPLPKFDAAESD-KHKYMACPASIPVKTTVRRVAE 
AmbO2                   ARQHTYVTQEKYGYIWVWYGSATPMFPLPKFDAAESD-KHKYIPYRFSLPVKTTVRRIIE 
AmbO3                   ARQYTYVTQEKYGYIWVWYGTATPLFELPKFDAAEND-KHKYMLYRFSFPVKTTVRRAIE 
AmbO4                   ----TYVTREEYGYIWVWYGSVNPLFDLPVFDVTEN-NKHNYIHNYFSFTAKTSVQKILE 
FS9339_HpiO4            ----TYVTREEYGYIWVWYGSVNPLFDLPVFDVTEN-NKHNYIHNYFSFTAKTSVQKILE 
FS9339_HpiO8            ARQQTYVTQEKYGYIWVWYGTAHPLFDLPKFDAAESSNKHKYMSYRFFLKANTTVRRVIE 
FS43239_HpiO8           ARQQTYVTQEKYGYIWVWYGTAHPLFDLPKFDAAESSNKHKYMSYRFFLKANTTVRRVIE 
FS43239_HpiO9           ARQQTYVTQEKYGYIWVWYGTAHPLFDLPKFDVAESDNKHKYMPYRFSFTVKTSARRVME 
HW_WelO11               ARQKTYVTEERYGYIWVWYGTATPLFELPGFDAAESNNKHKYMPYRFSFLVKTSVRRVVE 
HW_WelO12               ARQKTYVTEERYGYIWVWYGTATPLFELPGFDAAES-NKHKYMPYRFSFQTETSVRRAIE 
HW_WelO13               ARQKTYVTEERYGYIWVWYGTATPLFDLPKFDAAES-NKHKYMPYRFSIMVQTNVRRIIE 
HW_WelO14               ARQKTYVTEERYGYIWVWYGTATPLFDLPKFDAAES-NKHRYIPYRSSFTANTSVRRVIE 
WI_WelO11               ARQKTYVTEERYGYIWVWYGTATPLFELPGFDAAES-NKHKYMPYRFSFLVKTSVRRVVE 
WI_WelO12               ARQKTYVTEERYGYIWVWYGTATPLFELPGFDAAES-NKHKYMPYRFSFQTETSVRRAIE 
WI_WelO13               ARQKTYVTEERYGYIWVWYGTATPLFDLPKFDAAES-NKHKYMPYRFSIMVQTNVRRIIE 
WI_WelO14               ARQKTYVTEERYGYIWVWYGTATPLFDLPKFDAAES-NKHRYIPYRSSFTANTSVRRVIE 
WI_WelO19               AHQHTYVTQEKYGYIWVWYGSVNPLFPLPKFDPAESD-KHNYMSYRFFSKTKTTVLRVLE 
FS9431_WelO12           ARQKTYVTEERYGYIWVWYGTATPLFELPGFDAAES-NKHKYMPYRFSFQTETSVRRAIE 
FS9431_WelO14           ARQKTYVTEERYGYIWVWYGTATPLFDLPKFDAAES-NKHRYIPYRSSFTANTSVRRVIE 
FMSAG1427-1_WelO19      ARQHTYVTQEKYGYIWVWYGSVNPLFPLPKFDPAESD-KHNYMSYRFFSKTKTTVLRVLE 
 
                           !  !    !  
AmbO1                   NAFDHHHIVSIHKMPVDGQIKLTLLNEEDVELSELPIAKEAWMGSLIEAQLKTYFGVNI- 
AmbO2                   NAFDHHHLVTSHKMPIDGQIKLTLLNEDNVELSELPIAKEAWIGDIMEGQLKTYLGTRI- 
AmbO3                   NAFDHHHLITMHNLPVLDQIRLTMLNEEDVELSELPFAKEAWMGSFIEARIKSFIGVGA- 
AmbO4                   IVLNHHHLIRSHNSLVIDRIEHTYLDEKNVELSKLPITKEAWFGTITETQIKDYFGINE- 
FS9339_HpiO4            IVLNHHHLIRSHNSLVIDRIEHTYLDEKNVELSKLPITKEAWFGTITETQIKDYFGINE- 
FS9339_HpiO8            NAFDHHHLVTIHHIDVADQIELTLLNKEDIELGEIPVIKEAWIGSILKARIKNNVGVGA- 
FS43239_HpiO8           NAFDHHHLVTIHHIDVADQIELTLLNKEDIELGEIPVIKEAWIGSILKARIKNNVGVGA- 
FS43239_HpiO9           NVFDHQHLVTLHGMAVNGQIGLTLLNERDVEPDKLSISKEAWFGCTMEAEIKSYMSAGS- 
HW_WelO11               NAFDHHHFVTVHNVPVADSIDLTLVNQKDTELSELPIAKEAWFGTVIEARIKTLTGVGAA 
HW_WelO12               NGFDHHHFVSVHGLPVIDQIEMTLLDEKDAEFSELILAKEAWIGSKLDARIKNFIGVGA- 
HW_WelO13               NSCDHHHLVTIHDMQVNDSVKLTVLDEKDVELSELPIAKEAWMGFIVEARIKTFLGVRG- 
HW_WelO14               NIFDHHHLVAVHDMQVNDLIDLTLLDEKDIELSELPIAKEAWFGCKIEANMKAFLGVRG- 
WI_WelO11               NAFDHHHFVTVHNVPVADSIDLTLVNHKDTELSELPIAKEAWFGTVIEARIKTLTGVGAA 
WI_WelO12               NGFDHHHFVSVHGLPVIDQIEMTLLDEKDAEFSELILAKEAWIGSKLDARIKNFIGVGA- 
WI_WelO13               NSCDHHHLVTIHDMQVNDSVKLTVLDEKDVELNKLPIAKEAWMGFIVEARIKTFLGVRG- 
WI_WelO14               NIFDHHHLVAVHDMQVNDLINLTLLDEKDVELSELPITKEAWFGCKIEANMKAFLGVRG- 
WI_WelO19               NSFDHHHVVATHNLPVINQIKQTLLNKEDIKISELSIAKEAWFGTVMEAQIKSYAGVGA- 
FS9431_WelO12           NGFDHHHFVSVHGLPVIDQIEMTLLDEKDAEFSELILAKEAWIGSKLDARIKNFIGVGA- 
FS9431_WelO14           NIFDHHHLVAVHDMQVNDLIDLTLLDEKDIELSELPIPKEAWFGCKIEANMKAFLGVRG- 
FMSAG1427-1_WelO19      NSFDHHHVVVTHNLPIINQIKQTLLNKEDIKISELSIAKEAWFGTVMEAQIKSYAGVGA- 
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3.6.12 Sequence alignment and identification of motifs from Reiske-type 
oxygenases.  
All identified Reiske-type oxygenase proteins from the hpi, amb and wel gene clusters were aligned. 
The (2Fe-2S) cluster motif is identified within the box. The iron-sulfur Reiske domain (CxxC and 
CxxH) is marked with #, and the mononuclear non-heme Fe(II)-binding motif (DxxHxxxxxH) is 
marked with !. These motifs are typical of Reiske oxygenases. The absence of the iron-sulfur cluster 
motif suggests AmbO4 and HpiO4 are atypical Reiske-homologous proteins.  
 
  
  
 
 
3.6.13 Sequence identity of all unknown proteins with domain of unknown function  
 
AmbU1 AmbU2 AmbU3 AmbU4
FS9339_ 
HpiU1
FS9339_ 
HpiU2
FS9339_ 
HpiU3
FS9339_ 
HpiU4
FS9339_ 
HpiU6
FS43239_ 
HpiU1
FS43239_
HpiU2
FS43239_
HpiU3
FS43239_
HpiU5
FS43239_
HpiU6
HW_   
WelU6
HW_   
WelU7
HW_ 
WelU8
WI_   
WelU6
WI_ 
WelU8
FS9431_
WelU6
FS9431_
WelU8                               
AmbU1 100 68.07 64.04 62.55 97.37 65.03 64.06 62.11 58.33 97.49 67.71 63.6 64.32 58.33 61.67 66.08 59.38 59.21 59.38 59.21 58.93
AmbU2 68.07 100 61.23 62.39 66.08 96.5 61.29 61.5 59.47 67.23 100 60.79 65.04 59.91 61.95 64.6 56.5 61.23 56.5 60.79 56.5
AmbU3 64.04 61.23 100 73.13 64.04 60.14 99.54 73.13 70.61 64.91 62.33 99.13 74.89 71.05 72.25 75.33 62.05 72.37 62.95 71.93 62.5
AmbU4 62.55 62.39 73.13 100 61.67 62.68 72.81 100 66.08 62.98 62.61 73.57 85.02 66.52 67.26 77.53 56.5 66.96 56.95 67.4 56.5
FS9339_HpiU1   97.37 66.08 64.04 61.67 100 64.34 63.59 61.67 58.77 98.25 66.82 63.6 63.88 58.77 62.11 64.76 59.38 59.65 59.38 59.65 58.93
FS9339_HpiU2 65.03 96.5 60.14 62.68 64.34 100 60.15 62.68 59.44 65.03 96.5 59.44 62.68 60.14 61.97 61.97 50.36 61.54 51.08 60.84 50.36
FS9339_HpiU3 64.06 61.29 99.54 72.81 63.59 60.15 100 72.81 69.59 64.52 62.44 98.63 74.65 70.05 72.22 75.58 61.5 71.43 61.5 70.97 61.5
FS9339_HpiU4 62.11 61.5 73.13 100 61.67 62.68 72.81 100 66.08 62.56 62.61 73.57 85.02 66.52 67.26 77.53 56.5 66.96 56.95 67.4 56.5
FS9339_HpiU6 58.33 59.47 70.61 66.08 58.77 59.44 69.59 66.08 100 59.21 60.09 70.18 67.84 99.56 91.19 69.16 62.95 93.42 63.84 92.54 63.39
FS43239_HpiU1 97.49 67.23 64.91 62.98 98.25 65.03 64.52 62.56 59.21 100 67.71 64.47 64.32 59.21 62.56 65.64 59.82 60.09 59.82 60.09 59.38
FS43239_HpiU2 67.71 100 62.33 62.61 66.82 96.5 62.44 62.61 60.09 67.71 100 61.88 65.77 60.54 62.61 64.86 57.53 61.88 57.53 61.43 57.53
FS43239_HpiU3 63.6 60.79 99.13 73.57 63.6 59.44 98.63 73.57 70.18 64.47 61.88 100 75.33 70.61 71.81 74.89 61.61 71.93 62.5 71.49 62.05
FS43239_HpiU5 64.32 65.04 74.89 85.02 63.88 62.68 74.65 85.02 67.84 64.32 65.77 75.33 100 68.28 69.91 82.38 63.23 68.72 63.68 68.72 63.23
FS43239_HpiU6 58.33 59.91 71.05 66.52 58.77 60.14 70.05 66.52 99.56 59.21 60.54 70.61 68.28 100 91.63 69.6 62.95 93.86 63.84 92.98 63.39
HW_WelU6 61.67 61.95 72.25 67.26 62.11 61.97 72.22 67.26 91.19 62.56 62.61 71.81 69.91 91.63 100 70.35 64.57 94.27 64.13 95.15 63.68
HW_WelU7 66.08 64.6 75.33 77.53 64.76 61.97 75.58 77.53 69.16 65.64 64.86 74.89 82.38 69.6 70.35 100 62.95 68.28 62.95 68.28 62.5
HW_WelU8 59.38 56.5 62.05 56.5 59.38 50.36 61.5 56.5 62.95 59.82 57.53 61.61 63.23 62.95 64.57 62.95 - 63.39 97.79 63.39 97.35
WI_WelU6 59.21 61.23 72.37 66.96 59.65 61.54 71.43 66.96 93.42 60.09 61.88 71.93 68.72 93.86 94.27 68.28 63.39 100 64.29 97.37 63.84
WI_WelU8 59.38 56.5 62.95 56.95 59.38 51.08 61.5 56.95 63.84 59.82 57.53 62.5 63.68 63.84 64.13 62.95 97.79 64.29 64.29 98.67
FS9431_WelU6 59.21 60.79 71.93 67.4 59.65 60.84 70.97 67.4 92.54 60.09 61.43 71.49 68.72 92.98 95.15 68.28 63.39 97.37 64.29 100 63.84
FS9431_WelU8                               58.93 56.5 62.5 56.5 58.93 50.36 61.5 56.5 63.39 59.38 57.53 62.05 63.23 63.39 63.68 62.5 97.35 63.84 98.67 63.84 100
  
 
 
 
 
 
 
 
 
Chapter 4.  
PROTEIN EXPRESSION AND 
CHARACTERISATION OF HAPALINDOLE 
BIOSYNTHESIS 
 
 
 
 
  
 CHAPTER 4: PROTEIN EXPRESSION AND CHARACTERISATION   143 
4.1 INTRODUCTION 
Enzymatic modification of natural products is an important process for structural diversification. 
Hapalindole biosynthesis requires enzymatic manipulation of primary and secondary metabolites, 
specifically isonitrile biosynthesis, prenylation and chlorination. The modification of tryptophan 
through isonitrile biosynthesis is a unique biochemical reaction. IsnA and IsnB catalyse the 
biosynthesis of the isonitrile moiety onto tryptophan and subsequently oxidatively decarboxylate the 
intermediate to produce trans-indole isonitrile (Brady and Clardy, 2005a). Stable isotope feeding 
studies demonstrated the indole was derived from tryptophan (Brady and Clardy, 2005a).  
Furthermore, extensive feeding studies demonstrated the carbon atom of the isonitrile functional group 
was derived from ribulose-5-phosphate (Brady and Clardy, 2005b). Within cyanobacteria, AmbI1/3 
and WelI1/3 from F. ambigua UTEX 1903 and H. welwitschii UTEX B1830, respectively, catalyse the 
biosynthesis of trans-indole isonitrile from tryptophan, ribulose-5-phosphate and α-ketoglutarate 
(Hillwig et al., 2013, Hillwig et al., 2014). The biosynthesis of only the trans isoform of the indole-
isonitrile is in contrast with the identification of both isoforms from cyanobacterial cultures known to 
produce the hapalindole family of natural products (Micallef et al., 2014a).    
Prenylation is a common enzymatic modification of both primary and secondary metabolites, and is 
key to the biological activity of many natural products (Gibbs, 2005, Casey and Seabra, 1996). There 
are a range of enzyme classes capable of catalysing the transfer of isoprenoid moieties to acceptor 
molecules. One enzyme family capable of catalysing aromatic prenylation is the ABBA family of 
prenyltransferases, which contain a unique α-β-β-α architecture (Kuzuyama et al., 2005, Tello et al., 
2008). Within the ABBA family, both magnesium
 
dependent (Kuzuyama et al., 2005) and magnesium 
independent enzymes (Pojer et al., 2003, Haagen et al., 2007, Kumano et al., 2010, Ozaki et al., 2009) 
are present, usually defined by the presence or absence of  the prenyl diphosphate binding motif 
(N/D)DXXD (Pojer et al., 2003). There are three prenyltransferases encoded within the hpi/amb/wel 
gene clusters. Both Amb/WelP2 and AmbP3 have been biochemically characterised, and shown to be 
responsible for GPP and ambiguine biosynthesis, respectively (Hillwig et al., 2014, Hillwig et al., 
2013). BLASTp analysis of P1 from the hpi/amb/wel gene clusters revealed P1 shares high sequence 
similarity to the ABBA family of prenyltransferases, and lacks the prenyl diphosphate binding motif, 
suggesting P1 is magnesium
 
independent (Chapter 3). Based on the proposed biosynthetic pathway for 
hapalindole biosynthesis, P1 was anticipated to catalyse the reverse prenylation of β-ocimene to the 
indole-isonitrile (Richter et al., 2008, Stratmann et al., 1994b). However, recent characterisation of 
AmbP1 and WelP1 from the amb and wel gene clusters both failed to convert GPP to β-ocimene 
(Hillwig et al., 2013, Hillwig et al., 2014). Therefore, GPP and indole-isonitrile may be directly 
utilised as substrates for hapalindole biosynthesis. 
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Halogenation is another enzymatic modification critical for biological activity (Gribble, 1998, van 
Pée and Unversucht, 2003). Halogenation is known to occur on a diverse range of natural products, 
including nonribosomal peptides (Galonic et al., 2007, Vaillancourt et al., 2005b, Vaillancourt et al., 
2005a), polyketides (Gu et al., 2009) and terpenes (Carter-Franklin et al., 2003). These enzymes are 
divided into several enzyme classes based on their need for an oxygen-based oxidant as a co-substrate. 
The haloperoxidases, such as the heme-dependent and vanadium-dependent enzymes, utilise hydrogen 
peroxide as the co-substrate. The dioxygen (O2)-dependent halogenases, on the other hand, include the 
FADH2-dependent and non-heme iron-dependent enzymes, which utilise O2 as the co-substrate 
(Vaillancourt et al., 2006). FADH2-dependent halogenases require both O2 and FAD for enzymatic 
activity (Keller et al., 2000). FAD is converted into diffusible FADH2 by a partner enzyme, a 
NAD(P)H-dependent flavin reductase. A number of FADH2-dependent halogenases have been 
characterised, particularly those involved in chlorination of tryptophan (Dong et al., 2005, Zehner et 
al., 2005, Yeh et al., 2006). Another class of halogenases has recently been biochemically 
characterised, which chlorinate aliphatic carbons through decarboxylation of the co-substrate, α-
ketoglutarate. These non-heme iron halogenases contain a two-His, one-carboxylate (Asp/Glu) 
structural motif, and require oxygen, α-ketoglutarate and chloride for activity. Members of this family 
include BarB1 and BarB2 for barbarmide biosynthesis (Galonić et al., 2006), SyrB2 for sytingomycin 
biosynthesis (Vaillancourt et al., 2005b), and CmaB for cytotrienin biosynthesis (Ueki et al., 2006). In 
each of these reactions, the substrate is tethered to the PCP domain of a NRPS module. Recently, 
WelO5 was characterised as the halogenase responsible for chlorination of hapalindoles and 
fischerindoles (Hillwig and Liu, 2014). This is the first and only known example of a non-heme iron 
halogenase capable of chlorinating free standing molecules.  
In order to investigate the first stages of hapalindole biosynthesis, four enzymes were selected for 
biochemical characterisation from the W. intricata UH strain HT-29-1 wel gene cluster, specifically 
WelI1, WelI3, WelP1 and WelH. WelI1 and WelI3 were proposed to be involved in the biosynthesis 
of indole isonitrile from tryptophan, and WelP1 was proposed to be involved in the prenylation of 
GPP onto the indole isonitrile. Furthermore, welH was originally proposed to encode a FADH2-
dependent halogenase responsible for the chlorination of hapalindoles and fischerindoles. Together, 
these enzymes were proposed to catalyse the biosynthesis of 12-epi-hapalindole E, the proposed 
precursor for the biosynthesis of the fischerindoles and welwitindolinones (Stratmann et al., 1994b).   
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4.2 MATERIALS AND METHODS 
The following methods have been described previously: PCR, Section 2.2.3; agarose gel 
electrophoresis, Section 2.2.4; PCR product purification, Section 2.2.5, PCR product sequencing, 
Section 2.2.6; Bioinformatic software, Section 2.2.7.  
 
4.2.1 Bacterial strains and culture conditions  
Unless otherwise specified, E. coli strains (Table 4.1) was maintained in Luria-Bertani (LB) broth (10 
g L
-1
 tryptone, 5 g L
-1
 yeast extract, 10 g L
-1
 NaCl) or agar plates (LB broth, 15 g L
-1
 bacteriological 
agar) supplemented with 50 µg mL
-1
 kanamycin and grown at 37°C.  
 
 
 
4.2.2 Bacterial genomic DNA extraction 
gDNA was extracted from E. coli strain K12 (ATCC 29425) cells using a method adapted from 
Wilson (2001). Briefly, 1.5 mL from a 50 mL overnight culture of E. coli strain K12 was collected by 
centrifugation at 8,000 × g for 2 min. The cell pellet was then resuspended in 567 µL of TE buffer, 
then SDS and Proteinase K were added at a final concentration of 0.5% (w/v) and 100 µg mL 
-1
, 
respectively. The sample was mixed and incubated at 37°C for 1 hr. NaCl was then added to a final 
concentration of 0.7 M, along with CTAB to a final concentration of 1% (v/v), and incubated at 65°C 
for 1 hr. An equal vol of chloroform-isoamyl alcohol (24:1) was then added, mixed by inversion, and 
then centrifuged at 8,000 × g for 5 min. An equal vol of phenol-chloroform-isoamyl alcohol was then 
Table 4.1: E. coli strains and plasmids used for cloning 
E. coli strain Geneotype Reference 
DH5α F- endA1 glnV44 thi-1 recA1 relA1  gyrA96 deoR 
nupG Ф80dlacZΔM15 Δ(lacZYA-argF)U169, 
hsdR17(rK
-
mK
+), λ- 
Promega 
BL21 F
–
 ompT gal dcm lon hsdSB(rB
-
 mB
-) λ(DE3 (lacI 
lacUV5-T7 gene 1 ind1 sam7 nin5)) 
Life Technologies 
Plasmids Purpose Reference 
pCR2.1-TOPO Cloning and sequencing of PCR products prior to 
cloning into pET28b 
Invitrogen 
pET28b Cloning for protein expression EMD Biosciences 
pJexpress411 Cloning for protein expression DNA2.0 
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added to the aqueous phase, mixed by inversion, and then centrifuged at 8,000 × g for 5 min. Nucleic 
acids were precipitated by the addition of 0.6 vol of isopropanol and incubated at 4°C for 2 hr. DNA 
was collected by centrifugation at 13,500 × g for 5 min, and subsequently washed with 70% ethanol. 
The DNA pellet was resuspended in 100 µL of TE buffer, and heated to 55°C for 1 hr to assist in 
resuspension. gDNA was stored at -20°C until use. 
 
4.2.3 Preparation of expression constructs  
The pJexpress411 plasmid (DNA2.0 Inc, USA), the pET28b plasmid and the TOPO TA cloning
®
 
kit (Invitrogen, Victoria, Australia) were used for cloning and transformation of E. coli (Table 4.1). 
Cloning began with the ligation of a PCR product into the selected vector or synthesis of the vector 
containing the gene of interest, followed by transformation of the vector into chemically competent E. 
coli DH5α, E. coli TOP10 or E. coli BL21(DE3) cells, as described in Section 4.2.5. Colonies were 
selected by blue and white screening when DH5α or TOP10 cells were used, checked for the correct 
insert using a PCR-based method, and sequenced as described in Section 2.2.6. 
4.2.3.1 Construction of ssuE plasmid 
A recombinant plasmid harboring the ssuE gene was generated by amplification from E. coli K12 
with ssuEF and ssuER primers that incorporated the restriction sites NdeI and HindIII (Dorrestein et 
al., 2005) (Appendix 4.6.1). Amplification products were cloned into the pCR2.1 vector for 
sequencing (Section 2.2.6), before excision and cloning into the pET28b expression vector (Section 
4.2.4 and 4.2.3.4). The cloning step permitted the fusion of the N-terminus of ssuE to the His6-tag 
present within pET28b. 
4.2.3.2 Construction of welI1, welI3, welP1 and welH plasmids 
The gene sequence of welI1, welI3, welP1 and welH from W. intricata UH strain HT-29-1 were 
submitted to DNA2.0, Inc. (USA) for codon-optimisation for expression in E. coli. Each gene was 
then synthesised by DNA2.0, Inc. in the pJexpress411-T7-kan plasmid with a C-terminal His6-tag.  
4.2.3.3 Cloning with the TOPO TA cloning kit  
Cloning with the TOPO TA cloning kit involved setting up a ligation reaction containing 4 µL of 
PCR product, 1 µL of Invitrogen salt solution (1.2 M NaCl, 0.06 M MgCl2) and 10 ng of pCR
®
2.1-
TOPO
® 
plasmid DNA (Invitrogen). The ligation reaction was incubated at room temperature for 30 
min prior to transformation (Section 4.2.5). 
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4.2.3.4 Cloning with pET28b plasmid  
Cloning into the pET28b plasmid required 94 ng of digested pET28b vector (Section 4.2.4), 1 × 
rapid ligase buffer (Promega), 3 Weiss U of T4 DNA ligase (Promega) and 27 ng of digested ssuE 
PCR product (Section 4.2.4). The ligation reaction was incubated overnight at 4 °C and was then ready 
for transformation (Section 4.2.5). 
 
4.2.4 Digestion  
The ssuE gene was excised from the pCR2.1 vector by setting up a digestion reaction containing 
3.7 µg of plasmid, 30 U of NdeI (New England BioLabs), 25 U of HindIII (Promega), 1 × Bovine 
Serum Albumin (BSA) (New England BioLabs) and 1 × NE buffer 2 (New England BioLabs). The 
digestion reaction was incubated at 37°C for 3 hr. The pET28b empty vector (3.5 µg) was also 
digested using the same digestion reaction. The digested DNA was then gel extracted as described in 
Section 2.2.5.2. 
 
4.2.5 Transformation  
The cloned (pET28b or pCR2.1-TOPO) or synthesised (pJexpress411) plasmid was transformed 
into chemically competent E. coli DH5α, TOPO10 or BL21(DE3) cells. Either 1 or 5 µL of ligation 
reaction or synthesised plasmid was added to 50 µL of chemically competent E. coli and incubated on 
ice for 30 min. Cells were then heat shocked by incubation at 42°C for 45 sec, and then immediately 
incubated on ice for 2 min. Next, 950 µL of Super Optimal broth with Catabolite repression (SOC) 
medium (20 mg mL 
-1
 tryptone, 5 mg mL 
-1
 yeast extract, 0.5 mg mL 
-1
 NaCl, 2.5 mM KCl, 10 mM 
MgCl2, 20 mM glucose) was added to the cells and incubated at 37°C for 60 min with rotation at 150 
rpm. After incubation, 100 µL of cells were spread onto LB agar plates containing 50 µg mL
-1
 of 
kanamycin. To aid with the selection of positive transformants when transforming into DH5α or 
TOP10 cells, 10 mM isopropyl-β-D-1-thiogalactopyranoside (IPTG) (Sigma) and 1 µg of 5-bromo-4-
chloro-3-indoyl-β-D-galactopyranoside (X-Gal) (Promega or Amresco) were added to the LB agar 
plate to facilitate blue and white selection. The remainder of the cells were centrifuged, resuspended in 
50 µL of SOC medium and plated on a separate LB agar plate. Agar plates were incubated overnight 
at 37°C and then stored at 4°C to facilitate formation of blue colonies. 
4.2.5.1 Screening selected colonies using a PCR based method  
The primer sites M13F and M13R (Appendix 4.6.1) flank the insertion region of pCR2.1-TOPO 
plasmid, whilst T7F and T7R primer sites (Appendix 4.6.1) flank the insertion region of pET28b 
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plasmid. Thus, PCR was used to identify vectors with a successful insert. PCR of selected colonies 
was performed using a reaction mixture containing 1 × KAPATaq Readymix (Geneworks), 1 µL of 
each primer and 1 µL of fresh culture as template DNA. PCR amplicons were analysed by agarose gel 
electrophoresis, and confirmed through DNA sequencing (Section 2.2.6).  
 
4.2.6 Plasmid extraction  
The QIAprep spin mini- and midi-prep kits (QIAGEN) were used to extract plasmid DNA from 
transformed E. coli strains. Cells were prepared for plasmid extraction by culturing in 2 or 5 mL of LB 
broth with 50 µg mL
-1
 kanamycin as described in Section 4.2.1. The extraction of plasmids was 
followed exactly to the manufacture’s specifications, including a wash step using 500 µL of PB buffer 
to remove trace nuclease activity. 
 
4.2.7 Heterologous expression and purification  
4.2.7.1 WelI1 and WelI3  
pJexpress411welI1 and  pJexpress411welI3 plasmids were individually transformed into E. coli 
BL21(DE3) cells and a single colony was used to inoculate a flask containing 25 mL LB broth 
supplemented with 50 μg mL-1 kanamycin. The flask was incubated at 37°C with shaking at 180 rpm 
for 7-8 hr. This culture was added to a flask containing 1 L of LB broth supplemented with 50 μg mL-1 
kanamycin and incubated at 37°C until an OD600 of approximately 0.6 was obtained. The cells were 
then induced with 1 mM IPTG and grown at 16°C overnight. The cells were centrifuged at 8,500 × g 
for 5 min and frozen at -20°C. The cell pellet was thawed on ice and resuspended in 50 mM Tris 
buffer (pH 7.5), 250 mM NaCl, 10% (v/v) glycerol and 0.5 mM phenylmethanesulfonylfluoride 
(PMSF). Lysozyme was added to a final concentration of 1 mg mL
-1
 and stirred until a viscous 
suspension was obtained. The cells were lysed via sonication (5 × 10 sec pulse with 1 sec pause, 1 min 
cooling period, repeated four times) and cellular debris was removed by centrifugation at 8,000 × g for 
30 min at 4°C. DNA and RNA were degraded by the addition of 0.2 µL of benzonase (Sigma), and 
incubated at 4°C for 1 hr. Soluble protein was then collected by centrifugation at 14,500 × g for 30 
min at 4°C. The imidazole concentration of the soluble protein fraction was first adjusted to 10 mM.   
Purification was then performed using a His GraviTrap column (GE Healthcare, New South Wales, 
Australia). After the soluble protein was run through the column, 50 mM Tris (pH 7.5), 250 mM NaCl, 
10 mM imidazole and 10% (v/v) glycerol was used to wash the column. The beads were then washed 
with 50 mM imidazole to remove contaminating proteins. The recombinant protein was then eluted 
 CHAPTER 4: PROTEIN EXPRESSION AND CHARACTERISATION   149 
from the column by addition of 5 mL of 50 mM Tris (pH 7.5), 100 mM imidazole, 250 mM NaCl and 
10% (v/v) glycerol and 5 mL of 50 mM Tris (pH 7.5), 250 mM imidazole, 250 mM NaCl and 10% 
(v/v) glycerol. These fractions were then combined and dialysed against 20 mM Tris (pH 7.5), 0.2 mM 
tris(2-carboxyethyl)phosphine (TCEP), 250 mM NaCl and 20% (v/v) glycerol using SnakeSkin 
dialysis tubing (3.5 kDa cutoff) (Thermo Scientific, Rockford, USA). The enzyme was then snap 
frozen in liquid nitrogen and stored at -80°C. 
4.2.7.2 WelP1 
pJexpress411welP1 was transformed into E. coli BL21(DE3) cells. An individual colony was 
picked and protein expression was performed using an adapted method from Hillwig et al. (2013). 
First, 5 mL of an overnight culture was used to inoculate 1 L of LB media supplemented with 50 μg 
mL
-1
 kanamycin. The culture was incubated at 37°C with shaking at 150 rpm, until an OD600 of 0.7 
was obtained, and then the temperature was dropped to 16°C. After 1 hr, protein expression was 
induced with 0.5 mM IPTG and grown at 16°C overnight. The cells were then collected by 
centrifugation at 8,000 × g for 10 min at 4°C. Cell pellets were thawed on ice and resuspended in 10 
mL of 50 mM Tris (pH 7.0), 500 mM NaCl, 20 mM imidazole, 10 mM β-mecaptoethanol, 0.1% (v/v) 
Tween 20 and 0.5 mM PMSF. Once a viscous solution was achieved, cells were lysed via sonication 
(5 × 10 sec pulse with 1 sec pause, 1 min cooling period, repeated four times). Cellular debris was 
removed by centrifugation at 8,000 × g for 20 min at 4°C. DNA and RNA were degraded by the 
addition of 0.2 µL of benzonase (Sigma), and incubation at 4°C for 1 hr. Soluble protein was then 
collected by centrifugation at 14,500 × g for 30 min at 4°C.  
Recombinant WelP1 was purified via immobilized metal affinity chromatography using a pre-
packed His GraviTrap column (GE Healthcare). After the soluble protein was run through the column, 
50 mM Tris (pH 7.0), 500 mM NaCl, 20 mM imidazole, 10 mM β-mecaptoethanol and 0.1% (v/v) 
Tween 20 was used to wash the column. WelP1 was then eluted from the column by addition of 5 mL 
of 50 mM Tris (pH 7.0), 500 mM NaCl, 250 mM imidazole and 10 mM β-mecaptoethanol. Imidazole 
was removed via dialysis against 50 mM Tris (pH 7.0), 50 mM NaCl, 10% (v/v) glycerol and 0.5 mM 
DTT using SnakeSkin dialysis tubing (3.5 kDa cutoff) (Thermo Scientific). The enzyme was then snap 
frozen in liquid nitrogen and stored at -80°C. 
4.2.7.3 WelH and SsuE  
pJexpress411welH was freshly transformed into E. coli BL21(DE3) cells, and a single colony was 
used to inoculate 50 mL of LB media supplemented with 50 μg mL-1 kanamycin. The flask was 
incubated at 37°C with shaking at 180 rpm for 7.5 hr. 25 mL of this culture was then used to inoculate 
1 L of LB media supplemented with 50 μg mL-1 kanamycin, and incubated at 37°C until an OD600 of 
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approximately 0.6 was obtained. Protein expression was then induced with 1 mM IPTG and grown at 
16°C overnight. The cells were then collected by centrifugation at 8,000 × g for 10 min at 4°C. Cell 
pellets were thawed on ice and resuspended in 50 mM Tris (pH 7.5), 0.5 mM PMSF, 250 mM NaCl 
and 10% (v/v) glycerol. Lysozyme was then added to a final concentration of 1 mg mL
-1
. Once a 
viscous suspension was achieved, cells were lysed via sonication (5× 10 sec pulse with 1 sec pause, 1 
min cooling period, repeated four times). The cellular debris was removed by centrifugation at 8,000 × 
g at 4°C for 30 min. The imidazole concentration of the soluble protein fraction was first adjusted to 
10 mM.  
Purification was then performed using His GraviTrap column (GE Healthcare). After the soluble 
protein was run through the column, 50 mM Tris (pH 7.5), 10 mM imidazole, 250 mM NaCl and 10% 
(v/v) glycerol was used to wash the column. The beads were then washed with increasing 
concentrations of imidazole to remove contaminating proteins (25 and 50 mM imidazole). WelH was 
then eluted from the column by addition of 10 mL of 50 mM Tris (pH 7.5), 100 mM imidazole, 250 
mM NaCl and 10% (v/v) glycerol and 10 mL of 50 mM Tris (pH 7.5), 250 mM imidazole, 250 mM 
NaCl and 10% (v/v) glycerol. These fractions were then combined and dialysed against 20 mM Tris 
(pH 7.5), 0.2 mM TCEP, 250 mM NaCl and 20% (v/v) glycerol using SnakeSkin dialysis tubing (3.5 
kDa cutoff) (Thermo Scientific, Rockford, USA). The enzyme was then snap frozen in liquid nitrogen 
and stored at -80°C. 
pET28bssuE plasmid was also transformed into E. coli BL21(DE3) cells and protein expression 
and purification was performed as outlined in Dorrestein et al. (2005), with slight modifications. A 
single colony was used to inoculate 50 mL of LB media supplemented with 50 μg mL-1 kanamycin. 
The flask was incubated at 37°C with shaking at 150 rpm overnight. 20 mL of this culture was then 
used to inoculate 1 L of LB media supplemented with 50 μg mL-1 kanamycin, and incubated at 25°C 
until an OD600 of approximately 0.6 was obtained. Protein expression was then induced with 100 mM 
IPTG and grown at 25°C for 14 hr. The cells were then collected by centrifugation at 8,000 × g for 10 
min at 4°C. Cell pellets were thawed on ice and resuspended in 25 mM Tris (pH 8.0), 0.5 mM PMSF, 
400 mM NaCl and 10% (v/v) glycerol. Cells were lysed via sonication using 435-600 µm acid-washed 
glass beads (Sigma) (30 sec pulse, 1 min cooling period, repeated four times). The cellular debris was 
removed by centrifugation at 8,000 × g at 4°C for 30 min. DNA and RNA were degraded by the 
addition of 0.2 µL of benzonase (Sigma), and incubation at 4°C for 1 hr. Soluble protein was then 
collected by centrifugation at 14,500 × g for 30 min at 4°C. 
For protein purification, the lysate was incubated with 3 mL Ni-NTA agarose resin (QIAGEN) in 
25 mM Tris (pH 8.0), 0.5 mM PMSF, 400 mM NaCl, 10% (v/v) glycerol and 2 mM imidazole and 
loaded onto a column. After the soluble protein was run through the column, 25 mM Tris (pH 8.0), 
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400 mM NaCl, 10% (v/v) glycerol and 5 mM imidazole was used to wash the column. The beads were 
then washed with increasing concentrations of imidazole to remove contaminating proteins (5, 20, 40 
and 60 mM imidazole). In order to remove bound bacterial FAD from SsuE, 2 M KBr and 2 M Urea 
was added (Hefti et al., 2003). SsuE was then eluted from the column by addition of 20 mL of 20 mM 
Tris (pH 8.0), 200 mM NaCl, 200 mM imidazole, and 20% (v/v) glycerol, and dialysed against 20 mM 
Tris (pH 8.0), 50 mM NaCl and 10% (v/v) glycerol using SnakeSkin dialysis tubing (3.5 kDa cutoff) 
(Thermo Scientific). The enzyme was then snap frozen and stored at -80°C. 
 
4.2.8 Sodium dodecyl sulphate polyacrylamide gel electrophoresis  
SDS-PAGE was used to analyse all protein samples from heterologous protein expression 
experiments. Samples were first prepared by mixing with 2 × SDS-PAGE loading buffer (Laemmli 
buffer stock, 5% (v/v) β-mecaptoethanol, BioRad) in a 1:1 (v/v) ratio. The samples were boiled for 
eight min and immediately placed on ice until loaded. Samples were loaded into precast 8-16% 17 
well NB Tris-Glycine polyacrylamide gels (NuSep, New South Wales, Australia). SDS-PAGE was 
performed in a Mini-PROTEAN Tetra Cell apparatus (BioRad) powered by a PowerPac™ HC power 
supply (BioRad). Gels were run in 1 × Tris/Glycine/SDS buffer (25 mM Tris (pH 8.3), 192 mM 
glycine, 0.1% (w/v) SDS) at 250 V for 20 min. Precision Plus Protein Dual Colour Standards 
(BioRad) were used as the standards. The gels were stained with Coomassie blue stain (3 g L
-1
 
Coomassie Brilliant Blue R250, 45% (v/v) methanol, 10% (v/v) acetic acid) overnight and destained 
(30% (v/v) methanol, 10% (v/v) glacial acetic acid) until clear bands appeared.  
 
4.2.9 Western Blot  
Western blots were performed to visualise His6-tagged extracted recombinant proteins. Proteins 
were transferred to a 0.2 µm nitrocellulose membrane using a BioRad semi-dry transfer cell at 20 V 
for 20 min using 1 × transfer buffer (5 mM Tris, 38 mM glycine, 20% (v/v) methanol, pH 8.2). The 
membrane was then blocked with 5% (w/v) skim milk/phosphate buffered saline in Tween 20 (PBST) 
(137 mM NaCl, 12 mM Na2HPO4, 2.7 mM KCl, 0.05% Tween 20, pH 7.4) for 1 hr. The primary 
antibody, Profinia His antibody (Bio-Rad), was applied to the membrane at a final concentration of 
0.0001% in 1% skim milk/PBST for 1 hr. The membrane was then washed twice with PBST for 5 
min. The secondary antibody, Goat Anti-Mouse (GAM)- Horseradish peroxidase (HRP) (Bio-Rad), 
was subsequently applied to the membrane at a final concentration of 0.0001% in 1% skim milk/PBST 
for 1 hr. The membrane was then washed twice for 5 min with PBST again, before 5 mL of the 
developing solution (SigmaFast DAB and hydrogen peroxide-urea adduct, Sigma) was applied to the 
 CHAPTER 4: PROTEIN EXPRESSION AND CHARACTERISATION   152 
membrane for a few min. The developing solution was then removed and the nitrocellulose membrane 
was photographed using a Gel Doc™ XR-imaging system (Bio-Rad Laboratories Inc., Hercules, 
USA).  
4.2.10 Protein Quantification  
Soluble recombinant protein was quantified using the Bio-Rad RC-DC™ Protein Assay. The RC-
DC 1.5 mL microfuge tube assay as per the manufacturer’s instruction, with BSA used as the protein 
standard.  
 
4.2.11 Biochemical Assays  
4.2.11.1 Biochemical assay with WelI1 and WelI3  
For WelI1 and WelI3 assay using purified enzymes, 3 nM of WelI1 and 3 nM of WelI3 was added 
to a 500 µL total reaction vol containing 25 mM Tris (pH 7.0), 150 mM NaCl, 0.8 mg mL
-1
 L-
tryptophan, 0.8 mg mL
-1
 D-ribose-5-phosphate, 0.8 mg mL
-1
 α-ketoglutaric acid and 25 μM 
ammonium iron(II) sulphate (Appendix 4.6.2) (Brady and Clardy, 2005a). Samples were then 
incubated for 16 hr at 25°C. A negative control was performed in the absence of all enzymes. 
Attempts at optimising this assay included increasing the temperature to 37°C for 3 hr, and increasing 
the concentration of WelI1 and WelI3 to 30 nM, 100 nM, 500 nM and 1 µM for 3 hr and 16 hr at 
25°C, 30°C and 37°C (Appendix 4.6.3). A wide range of temperatures were tested as the optimum 
temperature for bioactivity of the enzymes were unknown, and a range of incubation times were tested 
as the time required for the enzyme to catalyse the reaction was also unknown.   
For WelI1 and WelI3 assay using E. coli whole cell lysates, 1 mL WelI1 cell lysate and 1 mL 
WelI3 cell lysate was added to a 5 mL total reaction vol containing 25 mM Tris (pH 7.0), 150 mM 
NaCl, 0.8 mg mL
-1
 L-tryptophan, 0.8 mg mL
-1
 ribose-5-phosphate, 0.8 mg mL
-1
 α-ketoglutaric acid 
and 25 μM ammonium iron(II) sulphate. Samples were then incubated for 16 hr at 25°C and extracted 
with 1:1 isopropanol/hexanes. Following extraction, samples were analyzed by HPLC. A negative 
control was performed with E. coli BL21(DE3) cell lysate hosting no plasmid. 
4.2.11.2 Biochemical assay with WelP1, WelH and SsuE 
For WelP1 assay only, 1 mM mixture of cis and trans isomers of indole-isonitrile was incubated 
with 1 mM GPP, 100 mM Tris (pH 7.5), 2 mM DTT and 15 μg of WelP1 (Appendix 4.6.4). The assay 
was incubated at 25°C and 37°C for 16 hr. Attempts to optimise this assay included the addition of 5 
mM MgCl2. Some ABBA prenyltransferases require MgCl2 for coordination of the enzyme with the 
substrate GPP for bioactivity (Kuzuyama et al., 2005). This assay was incubated at 25°C for 16 hr.  
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For WelP, WelH and SseE assays, 1 μM WelP1, 1 μM WelH and 3 μM SsuE were added to a 500 
μL reaction containing 1 mM mixture of cis and trans isomers of indole-isonitrile standard, 1 mM 
GPP, 5 mM MgCl2, 20 mM Tris (pH 7.5), 25 mM NaCl, 2.4 mM NADH (Sigma) and 20 μM FAD 
disodium salt hydrate (Sigma). The enzymatic assay was incubated at 25°C for both 3 hr and 5 hr and 
30°C for 3 hr (Appendix 4.6.5). Attempts to optimise this assay included altering the concentration of 
enzymes (1-2 μM WelP1 and WelH, 3-6 μM SsuE), the concentration of the starting compounds (0.5 
mM mixture of cis and trans isomers of indole-isonitrile and 0.5 mM GPP), the concentration of NaCl 
(0 and 25 mM), the concentration of NADH (2.4 and 10 mM) and the addition of 5% (v/v) glycerol at 
25 and 30°C for 15 hr (Appendix 4.6.6). 
WelH and SsuE were also tested against L-tryptophan and GPP with and without WelP1. In this 
assay, 1 μM WelH and 3 μM SsuE was added to a 500 μL reaction containing either 1 mM L-
tryptophan or 1 mM GPP, 20 mM Tris (pH 7.5), 25 mM NaCl, 2.4 mM NADH and 20 μM FAD. 0 
and 1 μM WelP1 was also added. The enzymatic assay was incubated at both 25 and 30°C for 3 hr 
(Appendix 4.6.7). 
4.2.11.3 Biochemical assay with WelI1, WelI3, WelP1, WelH and SsuE  
The WelP1 assay was also attempted using the indole-isonitrile enzymes WelI1 and WelI3. 3 nM 
WelI1, 3 nM WelI3, 3 nM WelP1 was added to 0.8 mg mL
-1
 L-tryptophan, 1 mM GPP, 0.8 mg mL
-1
 
D-ribose-5-phosphate disodium salt hydrate, 0.8 mg mL
-1
 α-ketoglutarate, 25 μM iron ammonium 
sulphate hexahydrate, 25 mM Tris (pH 7.5), 150 mM NaCl and 5 mM MgCl2 in a 500 uL reaction. 
The reaction was performed for 16 hr at 25°C. The assay was also attempted using 3 nM WelH and 9 
nM SsuE (Appendix 4.6.8). 
 
4.2.12 Enzymatic extraction and LC-MS  
WelI1 and WelI3 enzymatic products were extracted with 1:1 isopropanol/hexanes. All other 
enzymatic products were extracted with three vol of 1% (v/v) acetic acid in ethyl acetate twice, dried, 
redissolved in 600 μL of methanol, and filtered through 0.2 μm polyvinylidene fluoride (PVDF) filters 
(Grace Davison Discovery Sciences, USA). The extracted products were analysed at the UWS MS 
Facility, Australia. MS analysis was undertaken using a Waters Xevo TQ-MS triple quadrupole 
instrument. Methanolic solutions were directly infused at 5 μL/min and data for each sample was 
recorded over the range m/z 10-500 in MS1 mode for a period of 10 min. Positive ion spectra were 
recorded with the following parameters: capillary voltage 3.50 kV; cone voltage 25 V; desolvation 
temperature 150°C; desolvation gas flow 400 L/hr; cone gas flow 0 L/hr. Negative ion spectra were 
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recorded with the following parameters: capillary voltage 3.00 kV; cone voltage 20 V; desolvation 
temperature 300°C; desolvation gas flow 550 L/hr; cone gas flow 5 L/hr. 
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4.3 RESULTS 
4.3.1 Protein expression and purification  
The genes welI1, welI3, welP1 and welH are all predicted to be involved in the early stages of 
hapalindole biosynthesis. In order to establish the biosynthetic function of WelI1, WelI3, WelP and 
WelH from the wel gene cluster of W. intricata UH strain HT-29-1, the gene sequence encoding these 
proteins were first codon-optimised for expression in E. coli with a C-terminal His6-tag. 
pJexpress411welI1 and pJexpress411welI3 each codes for a protein of 333 and 273 amino acids, 
respectively, with a calculated molecular weight of 38.5 kDa and 32.5 kDa, respectively. 
pJexpress411welP1 and pJexpress411welH each encode a 318 and 542 amino acid protein, with a 
calculated molecular weight of 36.1 and 63.1 kDa, respectively. welH encodes a FADH2-dependent 
halogenase, which requires a flavin reductase to produce reduced flavin. SsuE was selected as the 
flavin reductase, as it has been commonly used as a flavin reductase with other FADH2-dependent 
halogenases from diverse genera (van Pée and Patallo, 2006). pET28bssuE encodes for a protein of 
211 amino acids with a calculated molecular weight of 23.4 kDa.  
All proteins were expressed as His-tagged proteins in E. coli, and soluble protein was purified by 
Ni
2+
 affinity chromatography to apparent homogeneity. Purification of WelI1 produced soluble protein 
of the expected molecular weight 38.5 kDa in both 50 mM, 100 mM and 250 mM imidazole elutions, 
however only the 100 mM and 250 mM imidazole elutions combined for dialysis (Figure 4.1). For 
WelI3, purified protein of the expected molecular weight 32.5 kDa was observed in 100 mM and 250 
mM imidazole elutions, which are also combined for dialysis (Figure 4.2). Purified WelP1 at the 
expected molecular weight of 36 kDa was observed in 50 mM and 250 mM imidazole elutions (Figure 
4.3), however, only the 250 mM imidazole elutions were combined for dialysis. For WelH, purified 
protein of the expected molecular weight of 63 kDa was observed in both 100 mM and 250 mM 
imidazole elutions, which were combined for dialysis (Figure 4.4). After dialysis, each purified protein 
was observed on a Tris-Glycine polyacrylamide gel and a Western blot (Figure 4.5), however, the 
band corresponding to WelI3 was weak, suggesting the C-terminal His6-tag was partially folded into 
the enzyme structure. The partially folded C-terminal His6-tag may have affected the expression of 
WelI3, and/or inhibited the structure of the enzyme which may have affected the bioactivity of WelI3. 
From 1 L cultures, 6.4 mg of WelI1, 1.1 mg of WelI3, 6.2 mg of WelP and 4.3 mg of WelH purified 
enzyme was obtained. For SsuE, 9.5 mg of purified enzyme was obtained from 500 mL of culture.   
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Figure 4.1 Purification of WelI1.  
Lane 1: molecular weight standards; lane 2: flowthrough; lanes 3-7: 50 mM imidazole wash; lanes 8-
12: 100 mM imidazole elution; lanes 13-17: 250 mM imidazole elution. The 8-16% NB Tris-Glycine 
polyacrylamide gel was stained with Coomassie Blue. 
 
 
 
 
 
 
 
 
Figure 4.2 Purification of WelI3.  
Lane 1: flowthrough; lanes 2-6: 50 mM imidazole wash; lane 7: molecular weight standards; lanes 8-
12: 100 mM imidazole elution; lanes 13-17: 250 mM imidazole elution. The 8-16% NB Tris-Glycine 
polyacrylamide gel was stained with Coomassie Blue. 
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Figure 4.3 Purificaiton of WelP1.  
Lane 1: molecular weight standards; lane 2: flowthrough; lanes 3-7: 50 mM imidazole wash; lanes 8-
13: 250 mM imidazole elution. The 8-16% NB Tris-Glycine polyacrylamide gel was stained with 
Coomassie Blue. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4 Purification of WelH.  
Lane 1: molecular weight standards; lane 2: flowthrough; lanes 3-7: 50 mM imidazole wash; lanes 8-
12: 100 mM imidazole elution; lanes 13-17: 250 mM imidazole elution. The 8-16% NB Tris-Glycine 
polyacrylamide gel was stained with Coomassie Blue. 
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Figure 4.5: SDS-PAGE and western blot analysis of purified WelI1, WelI3, WelP1, WelH and 
SsuE. 
Lane 1: molecular weight standards; lane 2: purified WelI1 (38.5 kDa); lane 3: purified WelI3 (32.5 
kDa); lane 4: purified WelP1 (36.1 kDa); lane 5: purified WelH (63.1 kDa); lane 6: purified SsuE 
(23.4 kDa). A) The 8-16% NB Tris-Glycine polyacrylamide gel was stained with Coomassie Blue. B) 
Western blot analysis of purified enzymes was performed on nitrocellulose membrane and detected 
using Profinia His and GAM-HRP antibodies and a SigmaFast DAB and hydrogen peroxide-urea 
adduct.  
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4.3.2 Biochemcial assays performed with WelI1 and WelI3  
 In order to characterise WelI1 and WelI3 of the wel gene cluster from W. intricata UH strain HT-
29-1, biosynthetic assays were performed using purified WelI1 and WelI3 with the proposed 
substrates L-tryptophan and ribose-5-phosphate, in the presence of ammonium iron sulfate and α-
ketoglutaric acid (Figure 4.6A) (Brady and Clardy, 2005a). However, attempts of this assay at both 
25°C for 16 hr and 37°C for 3 hr did not results in an observation of the expected product (m/z 169.07 
in positive ion mode) via LC-MS. None of the observed ions in each biochemical assay could be 
matched to any expected or probable product (Figure 4.6B-D). Attempts to optimise this assay 
included increasing the concentration of WelI1 and WelI3 from 3 nM to 30 nM, 100 nM, 500 nM and 
1 µM, and altering the temperature of each assay to 25°C, 30°C and 37°C for both 3 hr and 15 hr. 
None of these attempts resulted in an observation of the expected product in the LC-MS spectrum of 
the biochemical assay. However, WelI1 and WelI3 were able to be characterised as an isonitrile 
synthase and an α-ketoglutarate-dependent oxygenase, respectively, using whole cell lysates opposed 
to purified enzymes, by our collaborators at Case Western Reserve University, USA (Micallef et al., 
2014a). An assay containing both enzymes was preferred to individual assays based on the instability 
of the first intermediate (L-Trp-isonitrile) during isolation. Prior to analysing the enzymatic assay 
mixtures, chemically synthesised cis and trans isomers of indole-isonitrile were first identified as 
distinct traces with unique retention times (Figure 4.7A-C). HPLC analyses of enzymatic reaction 
mixtures after incubation for 16 hr showed the presence of two major peaks, confirming the 
production of the cis and trans isomers of indole-isonitrile (Figure 4.7E). A non-enzymatic formation 
of the indole-isonitrile was ruled out based on a negative control (excluding WelI1 and WelI3) (Figure 
4.7D). Synthesised cis indole-isonitrile standard was incubated under the assay conditions as controls 
to test if isomerisation was involved. Results indicated that the trans isomer is not formed through an 
E. coli-mediated isomerisation (Figure 4.7F and G). However, there is a significant amount of 
degradation of the cis isomer observed after 16 hr of incubation as compared to analysis after 3 hr 
(Figure 4.7G compared to F). As a further measure of validation, cis and trans indole-isonitriles were 
co-injected to samples where enzymatic product formation was observed (Figure 4.7H) and only the 
two product peaks that correlated to the retention times of cis and trans indole-isonitriles were 
observed. Finally, additional confirmation for indole-isonitrile biosynthesis was obtained through LC-
MS analyses under negative ion-mode (Appendix 4.6.9). Overall, the assay results validated the 
formation of cis and trans indole-isonitriles as the biosynthetic products of the pathway encoded by 
WelI1 and WelI3. 
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Figure 4.6 LC-MS analysis of WelI1 and WelI3 biochemical assays. 
A) Biosynthetic steps catalysed by WelI1 and WelI3, respectively. B) LC-MS spectrum of control (no 
enzyme). C) LC-MS spectrum of WelI1 and WelI3 assay incubated at 25°C for 16 hr. D) LC-MS 
spectrum of WelI1 and WelI3 assay incubated at 37°C for 3 hr. LC-MS spectrum of all assays is in 
positive ion mode.  
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Figure 4.7 HPLC analyses of WelI1 and WelI3 catalysed indole-isonitrile formation.  
HPLC was analysed at 310 nm with a UV detector. X-axis – retention time in minutes (min). Y-axis - 
intensity in arbitrary units. Presented as a stacked Y-plot and is drawn to relative intensity units. A) 
Synthesised cis indole-isonitrile only (tR = 8.8 min). B) Synthesised trans indole-isonitrile only (tR = 
13.1 min). C) Co-injection of synthetic standards of cis and trans indole-isonitrile. D) Control for 
enzyme assay where cell lysates of E. coli BL21(DE3) were subjected to assay conditions without 
WelI1 and WelI3. E) WelI1 and WelI3 enzyme assay after 16 hr incubation at 25°C. F) Control 
sample (D) spiked with cis indole-isonitrile after 3 hr incubation. G) Control sample (D) spiked with 
cis indole-isonitrile after 16 hr incubation. H) Co-injection of cis and trans indole-isonitrile with 
enzyme assay mixture. Peaks show only relative intensities and are not normalised for concentration 
of metabolites. 
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4.3.3 Biochemical assays performed with WelP1   
In order to characterise WelP1 of the wel gene cluster from W. intricata UH strain HT-29-1, 
biochemical assays were performed using purified WelP1 with the proposed substrates GPP and a 
mixture of cis and trans isomers of indole-isonitrile standard (Figure 4.3A). However, attempts of this 
assay at both 25 and 37°C did not result in an observation of the expected product (m/z 303.19 in 
negative ion mode) when analysed by LC-MS. Furthermore, none of the observed differences between 
the control (no enzyme) and assays could be matched to any expected or probable product (Figure 
4.3B-D). Attempts to optimise this assay included altering the MgCl2 concentrations from 0 to 5 mM, 
however, this did not result in a detectable product via LC-MS (Figure 4.3E).  
Additional attempts to characterise WelP1 included performing the assay with purified isonitrile 
proteins WelI1 and WelI3, using the proposed substrates for isonitrile biosynthesis, L-tryptophan, and 
the proposed substrate for hapalindole biosynthesis, GPP. It was proposed that the biosynthesis of 12-
epi-hapalindole C isonitrile may require WelP1, WelI1 and WelI3 together to catalyse the biosynthesis 
of the hapalindoles. However, no detectable product was observed between the control (no enzyme) 
and the assays via LC-MS.  
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Figure 4.8: LC-MS analysis of WelP1 biochemical assays. 
A) Biosynthetic steps proposed to be catalysed by WelP1. B) LC-MS spectrum of control (no 
enzyme). C) LC-MS spectrum of WelP1 assay incubated at 25°C for 16 hr. D) LC-MS spectrum of 
WelP1 assay incubated at 37°C for 16 hr. E) LC-MS spectrum of WelP1 assay incubated at 25°C for 
16 hr with MgCl2. LC-MS spectrum of all assays is in negative ion mode. 
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4.3.4 Biochemical assays performed with WelH  
In an attempt to characterise the biosynthesis of the hapalindoles, the proposed substrates, cis and 
trans isomers of indole-isonitrile standards and GPP, were incubated with WelH, SsuE and WelP1 
(Figure 4.4A). However, after incubation at 25°C for 3 hr, the expected product (m/z 339.15 in 
positive ion mode) was unable to be detected via LC-MS (Figure 4.4B and C). Attempts at optimising 
this assay included altering the incubation temperature from 25 to 30°C and increasing the incubation 
time from 3 hr to 5 hr, however, none of these alterations resulted in a product detectable via LC-MS 
(Figure 4.4D). Attempts at optimising this assay also included increasing the concentration of enzymes 
from 1 to 2 μM of WelP1 and WelH, and increasing the concentration of SsuE from 3 to 6 μM. The 
concentration of the proposed substrates was also decreased from 1 mM to 0.5 mM of cis and trans 
isomers of indole-isonitrile and GPP. The concentrations of salts and co-factors were also altered in an 
attempt to produce a product. The concentration of NaCl was also adjusted from 25 mM to 0 mM, and 
the concentration of NADH was increased from 2.4 mM to 10 mM. The addition of 5% (v/v) glycerol 
at 25 and 30°C for 15 hr was also attempted in an effort to produce a hapalindole product. All of these 
conditions were tested at 25°C and 30°C, however, none of these conditions resulted in a detectable 
product (either expected or probable) between the control (no enzyme) and assay via LC-MS.      
A biochemical assay was then performed using all purified proteins WelI1, WelI3, WelP, WelH 
and SsuE, with L-tryptophan and GPP (Figure 4.5A). However, a product was unable to be detected 
via LC-MS when comparing the control (no enzyme) and the assay incubated at 25°C for 16 hr and 
37°C for 3 hr (Figure 4.5B-D). WelH displayed sequence similarity to FADH2-dependent halogenases, 
many of which are known to chlorinate tryptophan (Dong et al., 2005, Zehner et al., 2005, Yeh et al., 
2006). Thus, WelH was tested for its ability to halogenate L-tryptophan and/or GPP individually, both 
with and without WelP. These assays were attempted at both 25°C and 30°C for 3 h, however, none of 
these conditions resulted in an observation of a product detectable via LC-MS (Appendix 4.6.10).   
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Figure 4.9: LC-MS analysis of WelP1, WelH and SsuE biochemical assays. 
A) Biosynthetic steps proposed to be catalysed by WelP1, WelH and SsuE. B) LC-MS spectrum of 
control (no enzyme). C) LC-MS spectrum of WelP1, WelH and SsuE assay incubated at 25°C for 3 
hr. D) LC-MS spectrum of WelP1, WelH and SsuE assay incubated at 30°C for 3 hr. LC-MS 
spectrum of all assays is in positive ion mode.  
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Figure 4.10: LC-MS spectrum for WelI1, WelI3, WelP1, WelH and SsuE assay. 
A) Biosynthetic steps proposed to be catalysed by WelI1, WelI3, WelP1, WelH and SsuE. B) LC-MS 
spectrum of control (no enzyme). C) LC-MS spectrum of biochemical assay incubated at 25°C for 16 
hr. D) LC-MS spectrum of biochemical assay incubated at 37°C for 3 hr. LC-MS spectrum of all 
assays is in positive ion mode.  
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4.4 DISCUSSION 
4.4.1 Characterisation of WelI1 as an isonitrile synthase and WelI3 as an α-
ketoglutarate-dependent oxygenase 
Although WelI1 and WelI3 were unable to be characterised as purified proteins, WelI1 and WelI3 
from the wel gene cluster from W. intricata UH strain HT-29-1 were confirmed as functional isonitrile 
synthase and α-ketoglutarate-dependent oxygenases, respectively, when E. coli whole cell lysates 
expressing WelI1 and WelI3 were used. This suggested an unknown additional co-factor, present 
within E. coli cell lysates, was required for biosynthesis of the isonitrile functional group, or the 
enzymes were unstable as purified enzymes. The results obtained from WelI1 and WelI3 biochemical 
assays using E. coli whole cell lysates are in contrast to those obtained from AmbI1/3 and WelI1/3 
from F. ambigua UTEX 1903 and H. welwitschii UTEX B1830, respectively (Hillwig et al., 2013, 
Hillwig et al., 2014). E. coli whole cell lysis assays containing WelI1 and WelI3 from W. intricata UH 
strain HT-29-1 produced both the cis and trans isomers of the indole-isonitrile when the assay was 
carried out over a 16 hr duration, however, only the cis isomer of the indole-isonitrile was observed 
from AmbI1/3 and WelI1/3 from F. ambigua UTEX 1903 and H. welwitschii  UTEX B1830, 
respectively (Micallef et al., 2014a, Hillwig et al., 2013, Hillwig et al., 2014). Enzymatic 
characterisation of AmbI1/3 and WelI/3 from H. welwitschii UTEX B1830 was performed for 3 hr, 
therefore, it is probable that the enzymes are producing the trans isoform in concentrations below the 
limit of detection within the first 3 hr, which then accumulates over time and can be detected after 16 
hr. As this is the first observation of a mixture of cis and trans isoforms of the indole-isonitrile from 
the hpi/amb/wel gene cluster, these observations are intriguing from a natural product biosynthesis 
point of view, as they lead to interesting questions about the biochemical mechanism of WelI1 and 
WelI3. However, it remains to be seen whether both of these isomers engage as substrates for 
downstream hapalindole-producing steps of the pathway.  
The enzymatic characterisation of WelI1 and WelI3 from W. intricata UH strain HT-29-1, along 
with AmbI1/3 and Wel1/3, have contributed to the group of characterised isonitrile synthase and α-
ketoglutarate-dependent oxygenases. The original members of this family, IsnA and IsnB, were first 
isolated and characterised from environmental DNA (eDNA) (Brady and Clardy, 2005a). Since then, 
12 additional gene clusters were identified from homology-based screening of four eDNA libraries, 
comprising 400,000 cosmid clones (Brady et al., 2007). Furthermore, the pvc gene cluster from P. 
aeruginosa was also identified to encode IsnA and IsnB homologs. Characterisation of the pvc 
biosynthetic gene cluster revealed paerucumarin was produced, instead of pyoverdine as previously 
proposed (Clarke-Pearson and Brady, 2008).  
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Characterisation of PvcB homologs from P. aeruginosa, Erwinia amylovora (a gram-negative plant 
pathogen) and the bacterium Xenorhabdus nematophila revealed different structural products are 
biosynthesised based on the type of expulsion of the hydroxyl group (Zhu et al., 2015). In X. 
nematophila, the elimination of the hydroxyl group is catalysed by decarboxylation, whilst in P. 
aeruginosa and E. amylovora, the hydroxyl group is expelled by deprotonation and subsequent 
cyclisation to produce a coumarin derivative (Zhu et al., 2015). Sequence analysis alone was unable to 
predict the different structural products from each homolog, thus further enzymatic characterisation of 
IsnB and PvcB homologs may reveal sequence motifs or residues which are critical for predicting 
chemical reactions. Characterisation of additional IsnA and IsnB homologs from hpi/amb/wel gene 
clusters may provide an alternative explanation as to why the trans isoform was detected from WelI1 
and WelI3 from the wel gene cluster from W. intricata UH strain HT-29-1, but not from AmbI1/3 and 
WelI1/3 from the amb and wel gene clusters from F. ambigua UTEX 1903 and H. welwitschii UTEX 
B1830, respectively.   
 
4.4.2 Biochemical assays performed with WelP1  
Given the success of characterising WelI1 and WelI3 from W. intricata UH strain HT-29-1, the 
inability to characterise WelP1 as the prenyltransferase responsible for catalysing the biosynthesis of 
GPP from β-ocimene, or the biosynthesis of the hapalindoles from indole-isonitrile and GPP, was 
intriguing. At the time of performing the biochemical assays using WelP1, purified WelI1 and WelI3 
from W. intricata UH strain HT-29-1 were used. However, characterisation of WelP1 was performed 
concurrently with WelI1 and WelI3 by our partner lab, and it was later determined WelI1 and WelI3 
were only stable as E. coli cell lysates, not as purified proteins. This may be a possible explanation as 
to why the characterisation of WelP1 was inconclusive. The results obtained from the attempts at 
characterisation of WelP1 from W. intricata UH strain HT-29-1, however, are consistent with those 
previously obtained from WelP1/2 and AmbP1/2/3 from H. welwitschii UTEX B1830 and F. ambigua 
UTEX 1903, respectively (Hillwig et al., 2014, Hillwig et al., 2013). Both WelP1/2 and AmbP1/2/3 
lacked the ability to convert GPP to β-ocimene, suggesting the biosynthesis of the hapalindoles is 
different from those previously proposed by Moore and others (Stratmann et al., 1994b, Richter et al., 
2008). It has recently been proposed that P1 likely plays a key role in the biosynthesis of the 
hapalindoles, however, instead of β-ocimene, GPP and indole-isonitrile may be directly utilised as 
substrates for the biosynthesis of the tri- and tetra-cyclic hapalindoles (Hillwig et al., 2014). This 
proposed biosynthetic pathway may require an additional enzyme, such as an oxygenase, to catalyse 
the cyclisation of GPP. Recently, a cytochrome p450 was characterised as a terpene cyclase in 
meroterpenoid biosynthesis in fungi (Chooi et al., 2013). VrtK was characterised as the single enzyme 
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responsible for catalysing the cyclisation of a geranyl moiety onto previridicatumtoxin in the 
biosynthesis of viridicatumtoxin (Chooi et al., 2013). This biochemical reaction catalysed by an 
oxygenase is extremely rare (Taura et al., 2007). Within two of the wel gene clusters (W. intricata UH 
strain HT-29-1 and F. muscicola SAG 1427-1), welO18 encodes an enzyme belonging to the 
cytochrome p450 superfamily (Chapter 3). This enzyme may be required for the cyclisation of GPP to 
form the tri- and tetra-cyclic hapalindoles, or involved in the biosynthesis of the welwitindolinones. 
However, the presence of welO18 only in two of the hpi/amb/wel gene clusters suggests specific 
oxygenases may be required for hapalindole, ambiguine and welwitindolinone biosynthesis.  
 
4.4.3 Biochemical assays performed with WelH 
Prior to the publication of the amb and wel gene clusters from F. ambigua UTEX 1903 and H. 
welwitschii UTEX B1830, the only hpi/amb/wel gene clusters available were those from our private 
genomes (W. intricata UH strain HT-29-1, H. welwitschii UH strain IC-52-3, F. ambigua UTEX 1903 
and Fischerella sp. ATCC 43239), and those identified from publically available Subsection V 
cyanobacterial genomes (which were published in 2013). At the time, the gene located at the 5′ end of 
wel gene cluster from W. intricata UH strain HT-29-1 and H. welwitschii UH strain IC-52-3 was 
welO12 (the genes welO15, welM1, welU8, welO14 and welO13 were not identified as part of the 
original gene cluster). Only after the publication of the wel gene cluster from H. welwitschii UTEX 
B1830 (Hillwig et al., 2014) and the subsequent publication of the Fischerella sp. PCC 9431 genome 
and identification of the wel gene cluster, were primers able to be designed to close the gaps in the 
nucleotide sequence between scaffolds in both W. intricata UH strain HT-29-1 and H. welwitschii UH 
strain IC-52-3 genomes, and identify the remaining genes within the wel gene cluster from these 
strains. Due to the high similarity between welO11, welO12, welO13 and welO14, these genes were 
unable to be completely sequenced during genome sequencing. Thus, at the time, the most likely gene 
encoding an enzyme likely to be involved in halogenation of the hapalindole family of natural 
products was welH, encoding an FADH2-dependent halogenase. As no product was able to be detected 
from enzymatic characterisation assays with WelP1, WelI1 and WelI3, the enzymatic pathway for 
hapalindole biosynthesis was proposed to involve P1 for GPP binding and activation, simultaneously 
coupled with a halogenating enzyme. This was based upon the presence of a halogenated prenyl group 
in members of the hapalindole family of natural products. However, multiple attempts of the 
enzymatic assay failed to produce a halogenated product, suggesting WelH may not be the enzyme 
required for halogenation for hapalindole biosynthesis. A chlorinated product was unable to be 
identified using WelH in all enzymatic assays performed, including the chlorination of tryptophan. 
This was an unexpected result, as WelH demonstrated the highest sequence similarity to characterised 
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FADH2-dependent halogenases capable of chlorinating tryptophan (Dong et al., 2005, Zehner et al., 
2005, Yeh et al., 2006).     
Furthermore, the absence of welH from the hpi and amb gene clusters suggests an alternative 
enzyme was required for chlorination. This was confirmed recently by Hillwig and Liu (2014), when 
WelO5 (corresponding to WelO15 from W. intricata UH strain HT-29-1 and H. welwitschii UH strain 
IC-52-3) was characterised as the enzyme responsible for the chlorination of 12-epi-hapalinole C and 
12-epi-fischerindole U leading to the biosynthesis of 12-epi-hapalinole E and 12-epi-fischerindole G, 
respectively. This chlorination reaction on an aliphatic C-H to a C-Cl bond on a free-standing 
molecule was an unprecedented reaction, and led to the discovery of a new class of non-heme iron 
halogenases (Hillwig and Liu, 2014). Non-heme iron halogenases have been characterised for 
barbamide, syringomycin and cytotrienin biosynthesis, however, these halogenases chlorinate aliphatic 
carbons of amino acid residues tethered to PCP domains, rather than free-standing molecules (Galonić 
et al., 2006, Vaillancourt et al., 2005b, Ueki et al., 2006). Non-heme iron halogenases contain two 
histidine residues in the characteristic HX(D/E)XnH motif for iron binding, but lack the carboxylate 
containing D/E residue. Analysis of WelO5 suggests the enzyme adopts an open coordination site for 
chlorination (Figure 4.6). Decarboxylation of α-ketoglutarate is proposed to lead to the generation of a 
chlorine-bound Fe(IV)-oxo species, which is likely responsible for the abstraction of the hydrogen at 
C13 of 12-epi-fischerindole U. The resulting carbon radical is proposed to undergo stereoselective 
chlorination to produce 12-epi-fischerindole G (Figure 4.6). Furthermore, WelO5 was inactive against 
hapalindole J, failing to convert the natural product into the chlorinated analogue hapalindole A, 
suggesting WelO5 is a wel-pathway specific halogenase for welwitindolinone biosynthesis.  
 
 
Figure 4.11: Proposed mechanism of WelO5 for the chlorination of 12-epi-fischerindole U. 
Oxygen-dependent decarboxylation of α-ketoglutarate may lead to the generation of a chlorine-bound 
Fe(IV)-oxo species, which is likely responsible for the abstraction of the hydrogen at C13 of 12-epi-
fischerindole U. The subsequent secondary carbon radical is proposed to undergo stereoselective 
chlorination by accepting Cl• from a Fe(III) complex to produce 12-epi-fischerindole G. The two 
histidine residues of WelO5 are likely involved in iron binding, and the missing carboxylate 
containing D/E residue likely leaves an open coordination site for chloride binding in the resting Fe(II) 
state. Figure adapted from Hillwig and Liu (2014) .      
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4.5 CONCLUSION 
Though a conserved triad of indole-isonitrile genes (I1-I3) are present in all hpi/amb/wel 
biosynthetic gene clusters, WelI1 and WelI3 are sufficient to catalyse the resulting formation of cis 
and trans geometrical isomers when using an E. coli cell lysate expressing WelI1 and WelI3. The 
isolation of both cis and trans geometrical isomers of the indole-isonitrile from enzymatic assays using 
WelI1 and WelI3 from W. intricata UH strain HT-29-1 implies the conservation of stereochemical 
integrity towards members of the ambiguine and welwitindolinone products, and opens new 
mechanistic possibilities to be studied. However, as WelI1 and WelI3 were unable to be characterised 
as purified proteins, an unknown additional co-factor may be required for biosynthesis. The difficulty 
in characterising purified enzymes in vitro is the inability to determine all co-factors, substrates and 
environmental conditions. WelP1 is likely the enzyme responsible for biosynthesis of the hapalindoles, 
however, an additional enzyme or co-factor may be required. Characterisation of the remaining 
oxygenases within the hpi/amb/wel gene clusters may lead to the identification of an additional 
enzyme required with WelP1 and possibly WelO5 to catalyse the attachment and cyclisation of GPP 
on indole-isonitrile for the biosynthesis of the hapalindoles. The characterisation of WelO5 as the 
enzyme responsible for the biosynthesis of chlorination of hapalindoles and fischerindoles has 
provided a platform for future analysis of the early stages of hapalindole biosynthesis.  
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4.6 APPENDIX 
4.6.1 Specific primers ued for PCR and sequencing reactions  
4.6.2 WelI1 and WelI3 biochemical assay components, final concentrations 
and conditions  
Component Final concentrations/conditions 
Biochemical assay Control 
L-tryptophan (mg mL
-1
) 0.8 0.8 
D-ribose-5-phosphate (mg mL
-1
) 0.8 0.8 
α-ketoglutaric acid (mg mL-1) 0.8 0.8 
Iron(II) ammonium sulphate (μM) 25 25 
Tris (pH 7.0) (mM) 25 25 
NaCl (mM) 150 150 
WelI1 (nM) 3 0 
WelI3 (nM) 3 0 
Total volume (µL) 500 500 
Temperature (°C) 25 25 
Incubation time (hr) 16 16 
4.6.3 Alternative WelI1 and WelI3 biochemical assay components, final 
concentrations and conditions  
Component Final concentrations/conditions 
L-tryptophan (mg mL
-1
) 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 
D-ribose-5-phosphate (mg mL
-1
) 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 
α-ketoglutaric acid (mg mL-1) 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 
Iron(II) ammonium sulphate (µM) 25 25 25 25 25 25 25 25 
Tris (pH 7.0) (mM) 25 25 25 25 25 25 25 25 
NaCl (mM) 150 150 150 150 150 150 150 150 
WelI1 (nM) 30 0 100 0 500 0 1 0 
WelI3 (nM) 30 0 100 0 500 0 1 0 
Total volume (µL) 500 500 500 500 500 500 500 500 
Temperature (°C) 25, 
30, 
37 
25, 
30, 
37 
25, 
30, 
37 
25, 
30, 
37 
25, 
30, 
37 
25, 
30, 
37 
25, 
30, 
37 
25, 
30, 
37 
Incubation time (hr)  3 and 
16 
3 and 
16 
3 and 
16 
3 and 
16 
3 and 
16 
3 and 
16 
3 and 
16 
3 and 
16 
 
Primer name Primer sequence Melting 
temperature (°C) 
Reference 
ssuEF GGAGAGCATATGCGTGTCATCACC 70.6 (Dorrestein et al., 
2005) 
ssuER GTAAAGCTTTTACGCATGGGCATT 67.4 (Dorrestein et al., 
2005) 
M13F GTAAAACGACGGCCAG 57.6 Life Technologies 
M13R CAGGAAACAGCTATGAC 50.7 Life Technologies 
T7F TAATACGACTCACTATAGGG 50.9 Life Technologies 
T7R CTAGTTATTGCTCAGCGGT 57.1 Life Technologies 
pJ411TF TTGTCAGAATATTTA 48.0 DNA2.0  
pJ411TR TGGTAGTGTGGGGACTC 56.6 DNA2.0  
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4.6.4 WelP1 biochemical assay components, final concentrations and 
conditions  
Component Final concentrations/conditions 
cis and trans isomers of indole-isonitrile (mM) 1 1 1 1 
GPP (mM) 1 1 1 1 
Tris (pH 7.5) (mM) 100 100 100 100 
DTT (mM) 2 2 2 2 
MgCl2 (mM) 0 0 5 5 
WelP1 (µg) 15 0 15 0 
Total volume (µL) 500 500 500 500 
Temperature (°C) 26 26 37 37 
Incubation time (hr) 16 16 16 16 
4.6.5 WelP1, WelH and SsuE biochemical assay components, final 
concentrations and conditions  
Component Final concentrations/conditions 
cis and trans isomers of indole-isonitrile (mM)   1 1 1 1 1 1 
GPP (mM) 1 1 1 1 1 1 
Tris (pH 7.5) (mM) 20 20 20 20 20 20 
MgCl2 (mM) 5 5 5 5 5 5 
NaCl (mM) 25 25 25 25 25 25 
NADH (mM) 2.4 2.4 2.4 2.4 2.4 2.4 
FAD disodium salt hydrate (µM) 20 20 20 20 20 20 
WelP1 (µM)  1 0 1 0 1 0 
WelH (µM) 1 0 1 0 1 0 
SsuE (µM) 3 0 3 0 3 0 
Total volume (µL) 500 500 500 500 500 500 
Temperature (°C) 26 26 26 26 30 30 
Incubation time (hr)  3 3 5 5 3 3 
 
4.6.6 Alternative WelP1, WelH and SsuE biochemical assay components, final 
concentrations and conditions  
Component Final concentrations/conditions 
cis and trans isomers of indole-isonitrile (mM)  1  1  1  0.5 0.5  0.5  
GPP (mM) 1  1  1  0.5 0.5  0.5  
Tris (pH 7.5) (mM) 20 20  20 20  20  20 
MgCl2 (mM) 5  5  5 5  5  5  
NaCl (mM) 25 25  25 25  0  0  
NADH (mM) 2.4 2.4  2.4 2.4  2.4  10  
FAD disodium salt hydrate (µM) 20  20  20 20  20  20  
WelP1 (µM) 1  0  2  2 2 2 
WelH (µM) 1  0  2  2 2 2 
SsuE (µM) 3  0  6  6 6 6 
Total volume (µL) 500 500  500 500  500  500  
Temperature (°C) 26 26 26 26 26 26 
Incubation time (hr) 15 15 15 15 15 15 
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Component Final concentrations/conditions 
cis and trans isomers of indole-isonitrile (mM)   0.5  0.5 0.5 0.5 
GPP (mM) 0.5  0.5 0.5 0.5 
Tris (pH 7.5) (mM) 20  20  20  20 
MgCl2 (mM) 5  5  5  5  
NaCl (mM) 0  0  0  0  
NADH (mM) 10 10 10  10 
FAD disodium salt hydrate (µM) 20 20 20  20 
Glycerol (%) 5 5 5 5 
WelP1 (µM) 2 0 2 0  
WelH(µM) 2 0 2 0  
SsuE (µM) 6  0 6 0  
Total volume (µL) 500 500  500  500 
Temperature (°C) 26 26 30 30 
Incubation time (hr) 15 15 15 15 
4.6.7 WelH and SsuE biochemical assay components, final concentrations and 
conditions with and without WelP1  
Component Final concentrations/conditions 
L-tryptophan (mM)   1 1 0 0 1 1 0 0 
GPP (mM) 0 0 1 1 0 0 1 1 
Tris (pH 7.5) (mM) 20 20 20 20 20 20 20 20 
MgCl2 (mM) 5 5 5 5 5 5 5 5 
NaCl (mM) 25 25 25 25 25 25 25 25 
NADH (mM) 2.4 2.4 2.4 2.4 2.4 2.4 2.4 2.4 
FAD disodium salt hydrate (µM) 20 20 20 20 20 20 20 20 
Glycerol (%)  5 5 5 5 5 5 5 5 
WelP1 (µM) 0 0 0 0 1 1 1 1 
WelH (µM) 1 0 1 0 1 0 1 0 
SsuE (µM) 3 0 3 0 3 0 3 0 
Total volume (µL) 500 500 500 500 500 500 500 500 
Temperature (°C) 26 26 26 26 26 26 26 26 
Incubation time (hr)  3 3 3 3 3 3 3 3 
Component Final concentrations/conditions 
 L-tryptophan (mM)    1 1 0 0 1 1 0 0 
GPP (mM) 0 0 1 1 0 0 1 1 
Tris (pH 7.5) (mM) 20 20 20 20 20 20 20 20 
MgCl2 (mM) 5 5 5 5 5 5 5 5 
NaCl (mM) 25 25 25 25 25 25 25 25 
NADH (mM) 2.4 2.4 2.4 2.4 2.4 2.4 2.4 2.4 
FAD disodium salt hydrate (µM) 20 20 20 20 20 20 20 20 
Glycerol (%)  5 5 5 5 5 5 5 5 
WelP1 (µM) 0 0 0 0 1 1 1 1 
WelH (µM) 1 0 1 0 1 0 1 0 
SsuE (µM) 3 0 3 0 3 0 3 0 
Total volume (µL) 500 500 500 500 500 500 500 500 
Temperature (°C) 30 30 30 30 30 30 30 30 
Incubation time (hr)  3 3 3 3 3 3 3 3 
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4.6.8 WelI1, WelI3, WelP1, WelH and SsuE biochemical assay components, 
final concentrations and conditions  
Component Final concentrations/conditions 
L-tryptophan (mg mL
-1
)       0.8 0.8 0.8 0.8 
GPP (mM) 1 1 1 1 
D-ribose-5-phosphate (mg mL
-1
)  0.8 0.8 0.8 0.8 
α-ketoglutaric acid (mg mL-1) 0.8 0.8 0.8 0.8 
Iron(II) ammonium sulphate (µM) 25 25 25 25 
Tris (pH 7.5) (mM) 25 25 25 25 
MgCl2 (mM) 5 5 5 5 
NaCl (mM) 150 150 150 150 
NADH (mM) 0 0 2.4 2.4 
FAD disodium salt hydrate (µM) 0 0 20 20 
WelI1 (nM) 3 0 3 0 
WelI3 (nM) 3 0 3 0 
WelP1 (nM) 3 0 3 0 
WelH (nM) 0 0 3 0 
SsuE (nM) 0 0 9 0 
Total volume (uL) 500 500 500 500 
Temperature (°C) 26 26 26 26 
Incubation time (hr) 16 16 16 16 
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4.6.9 LC-ESI-MS (negative ion mode) specta for enzyme-catalyzed indole-
isonitrile biosynthesis product.  
Observed peak is at 167 amu, as expected for the anion shown in figure. 
 
  
 CHAPTER 4: PROTEIN EXPRESSION AND CHARACTERISATION                                                                                                                                                         177 
 
A) 
 
  
B) 
 
  
C) 
 
  
 
4.6.10 LC-MS spectrum of WelH and SsuE assay.  
A) LC-MS spectrum of control. B) LC-MS spectrum of assay incubated at 25°C. C) LC-MS spectrum 
of assay incubated at 30°C.   
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REAL TIME-PCR OF MYS GENE CLUSTER IN 
WESTIELLA INTRICATA UH STRAIN  
HT-29-1  
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5.1 INTRODUCTION 
Continued depletion of the ozone layer by anthropogenically released atmospheric pollutants, such 
as chlorofluorocarbons, chlorocarbones, organobromides and reactive nitrogen species, has resulted in 
an increase in UV radiation reaching the Earth’s surface (Crutzen, 1992). The impact of these 
increased levels of UV-B radiation on both freshwater and marine ecosystems has become a concern, 
as a range of life forms, from cyanobacteria and phytoplankton to plants, animals and humans are 
negatively affected (Hader et al., 2011). As cyanobacteria depend on solar energy for a number of 
biologically important processes, including photosynthesis and nitrogen fixation, they are 
simultaneously exposed to harmful levels of UV-B and UV-A radiation in their natural habitats. Solar 
UV-B radiation is known to affect the growth, survival, morphology of cyanobacteria, as well as 
affecting key metabolic activities, such as photosynthesis, nitrogen fixation and carbon dioxide uptake 
(Jiang and Qiu, 2011, He and Häder, 2002, Gao et al., 2008, Ma and Gao, 2009, Kumar et al., 2003, 
Sinha and Hader, 1998, Sinha et al., 1996, Sinha et al., 1995, Wu et al., 2005, Zeeshan and Prasad, 
2009). Solar UV-A radiation, on the other hand, induces DNA damage via the photosensitized 
production of ROS or by energy transfer from UV-A stimulated chromophores (He and Häder, 2002, 
Hargreaves et al., 2007).  
Cyanobacteria have developed a number of defence strategies to counteract the damaging effects of 
UV radiation. These include efficient DNA repair mechanisms, including photoreactivation, excision 
repair, recombinational repair and the SOS response. Other responses to UV-B radiation includes the 
production of antioxidants or scavengers (small molecules which interact with ROS), migration 
strategies, the formation of mats, and the synthesis of extracellular polymeric (Rastogi et al., 2010a, 
Levine and Thiel, 1987, Singh et al., 2010a, Castenholz and Garcia-Pichel, 2002, Chen et al., 2009). 
The ability of cyanobacteria to biosynthesise UV-absorbing compounds, specifically MAAs (which 
absorb mainly in the UV-B and UV-A region of the spectrum), enable cyanobacteria to continue to 
grow and survive in their natural habitat under intense solar radiation (Singh et al., 2010a).  
The biosynthesis of UV-absorbing compounds are considered to be the third line of defence against 
UV radiation in cyanobacteria, after avoidance and scavenging defence strategies (Srivastava et al., 
2013). The biosynthesis of MAAs is known to be induced or upregulated under UV-B stress in some 
cyanobacteria. Anabaena and Gloeocapsa cultures have been exposed to PAR, UV-A and UV-B 
radiation, and an induction of MAAs was observed only in samples exposed to UV-B (Singh et al., 
2008c, Rastogi et al., 2010b). Abiotic stressors, such as salt and ammonium, are also known to 
increase the biosynthesis of MAAs, with and without UV radiation (Singh et al., 2008b, Waditee-
Sirisattha et al., 2014). 
  
CHAPTER 5: RT-PCR ANALYSIS OF MYS GENE CLUSTER                                                                                                                                                              182 
Balskus and Walsh (2010) characterised the biosynthesis of the MAA shinorine from A. variabilis 
ATCC 29413. A 3-DHQS homolog and O-MT were responsible for the biosynthesis of 4-
deoxygadusol (4-DG) from the common pentose-phosphate-pathway intermediate sedoheptulose 7-
phosphate (SH 7-P) (Figure 5.1). An ATP-grasp homolog then converts 4-DG and glycine into 
mycosporine-glycine. In cyanobacteria, two alternative biosynthetic routes lead to shinorine 
biosynthesis from mycosporine glycine, known as the Anabaena-type and the Nostoc-type. The 
presence of an NRPS-like enzyme in a mys gene cluster is known as the Anabaena-type. The NRPS-
like enzyme catalyses the attachment of serine to mycosporine-glycine in order to form shinorine 
(Figure 5.2). In Nostoc, the NRPS-like enzyme is replaced by a D-Ala-D-Ala ligase, which is 
responsible for the addition of serine onto the mycosporine-glycine core, leading to the biosynthesis of 
shinorine and is referred to as the Nostoc-type (Gao and Garcia-Pichel, 2011). Recently, a Nostoc-type 
mys gene cluster from the halotolerant cyanobacteria Aphanothece halophytica was reported, however, 
mycosporine-2-glycine was biosynthesised, suggesting the substrate specificities are different between 
these two cyanobacteria (Waditee-Sirisattha et al., 2014). The first gene of the mys gene cluster from 
A. halophytica encodes a 3-DHQS homolog, which is separated from the remaining genes in the gene 
cluster, and encodes an additional, functionally unknown, N-terminal domain (Figure 5.2) (Waditee-
Sirisattha et al., 2014). Although a range of mys gene clusters have been identified from cyanobacteria, 
only these three types of biosynthetic gene clusters have been identified. Additional genes have yet to 
be identified to suggest the biosynthetic pathways of the remaining MAAs.  
 
Although MAA biosynthesis was shown to proceed from SH 7-P precursor of the pentose 
phosphate pathway in A. variabilis ATCC 29413 and N. punctiforme ATCC 29133 (Balskus and 
Walsh, 2010), Spence et al. (2012), recently demonstrated that shinorine is not exclusively produced 
through the pentose phosphate pathway, and may proceed through the shikimate pathway by utilising 
the convergent intermediate 4-DG in A. variabilis ATCC 29413 (Figure 5.1). Pope et al. (2015) 
confirmed the shikimate pathway is the predominant pathway for MAA biosynthesis in Anabaena 
variabilis ATCC 29413 using proteomic analysis.  
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Figure 5.1: Biosynthetic pathway for shinorine biosynthesis  
The biosynthesis of shinorine has been shown to proceed through both the shikimate and pentose 
phosphate pathway. The biosynthetic pathway from mycosporine-glycine to shinorine for both 
Anabaena and Nostoc is shown. A: Adenylation domain (red), PCP: peptide carrier protein domain 
(blue) and TE: thioesterase domain (grey). Figure adapted from Pope et al. (2015).  
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Figure 5.2: Types of mys gene cluster identified from cyanobacteria. 
A) Anabaena-type of mys gene cluster. B) Nostoc-type of mys gene cluster. C) mys gene cluster 
identified from Aphanothece halophytica. 3-dehydroquinate synthase homolog gene is represented by 
orange arrow, O-methyltransferase gene is represented by silver arrow, ATP-Grasp homolog gene is 
represented by yellow arrow. The green arrow represents the gene encoding an NRPS-like enzyme. A: 
Adenylation domain (red), PCP: peptide carrier protein domain (blue) and TE: thioesterase domain 
(silver).  The blue arrow represents genes encoding D-Ala-D-Ala ligases. The functionally unknown 
N-terminal domain of 3-dehydroquinate synthase from A. halophytica is represented in pink. Black 
lines indicate the genes are separated in the genome. Figure adapted from Waditee-Sirisattha et al. 
(2014).      
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Quantitative real time PCR (RT-qPCR) can measure transcript abundance and evaluate gene 
expression patterns enabling both amplification and quantification of a target gene by measuring 
fluorescence increments in each PCR cycle (Morrison et al., 1998). The technique is fast, highly 
accurate, specific and reproducible (VanGuilder et al., 2008). However, the design of RT-qPCR 
experiments is extremely important, as poor experimental design can lead to biologically irrelevant 
data (Bustin, 2010). The sample origin, preparation, concentration, RNA quality and integrity, PCR 
efficiency of the primer sets, RT-qPCR protocol and validation of RT-qPCR primers under each 
experimental condition are all important, and can compromise the quality of the final RT-qPCR 
experiment (Bustin et al., 2010, Derveaux et al., 2010, Bustin et al., 2009). To enable the comparison 
of transcript levels between different samples, data normalisation is required to eliminate technical and 
biological variation. A commonly used method is normalisation against an internal reference gene, 
which is stably expressed under the experimental conditions being examined. However, the expression 
of reference genes is known to vary between experimental conditions and between different 
cyanobacterial species and strains (Pinto et al., 2012, Szekeres et al., 2014). A reference gene 
considered to be stable in one cyanobacterial strain may not be stable in another strain under the same 
conditions. Therefore, validation of reference genes for each cyanobacterial strain under every 
experimental condition must be performed. In cyanobacteria, RT-qPCR has only recently been 
reported for two mys gene clusters. RT-qPCR performed on the mys gene cluster from M. aeruginosa 
PCC 7806 demonstrated that expression of MAAs was not induced by UV-B radiation. Shinorine was 
isolated exclusively from the extracellular matrix of Microcystis, suggesting MAAs have a structural 
role in the sheath of Microcystis, with a minor role in UV protection (Hu et al., 2014). Semi-
quantitative RT-PCR performed on the mys gene cluster from A. halophytica suggested expression 
was induced and up-regulated three to eight-fold by salt shock, rather than UV stress (Waditee-
Sirisattha et al., 2014).  
Although the identification of MAAs has been reported from a range of cyanobacterial strains, the 
type of MAA produced and stress conditions causing induction, such as UV radiation, significantly 
varies between cyanobacteria. The aim of this study was to determine if exposure to UV-B and UV-A 
radiation caused an increase in expression of the mys gene cluster from W. intricata UH strain HT-29-
1 using RT-qPCR. The mys gene cluster from W. intricata UH strain HT-29-1 was selected for 
analysis as this was the first and only Subsection V cyanobacterial genome sequence available at the 
time on analysis, and also contained an additional gene immediately downstream from the gene 
encoding the NRPS-like enzyme, which was included in the analysis of the gene cluster.    
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5.2 MATERIALS AND METHODS 
The following methods have been described previously: Cyanobacteria culture conditions, Section 
2.2.1); gDNA extraction, Section 2.2.2; PCR, Section 2.2.3; agarose gel electrophoresis, Section 2.2.4; 
PCR product sequencing, Section 2.2.6.  
 
5.2.1 Strains and culture conditions  
W. intricata UH strain HT-29-1 was cultured as previously described (Section 2.2.1). Cultures were 
initially maintained in 100 mL of media in 500 mL Pyrex glass flasks, and then upscaled to either 500 
mL or 1 L of media in 1 or 5 L Pyrex glass flasks, respectively. Unless otherwise specified, growth of 
E. coli DH5α (Table 5.1) was maintained in LB broth or on agar plates supplemented with 50 µg mL-1 
kanamycin and grown at 37°C.  
For UV-B and UV-A treatment, W. intricata UH strain HT-29-1 cells were grown until they 
reached exponential phase (chl a = ~2.4 ug mL
-1
) (Section 5.2.2). For control, 50 mL of W. intricata 
UH strain HT-29-1 cells were collected by centrifugation (8,500 × g, 10 min, 4°C) and snap frozen in 
liquid nitrogen and stored at -80°C until further use. W. intricata UH strain HT-29-1 cells (53 mL) was 
then transferred into 250 mL Pyrex glass flasks and covered with cling-wrap to prevent evaporation. 
For UV-B treatment, cells were exposed for 48 hr to ~4.5 W m
-2
 UV-B light provided by a Vilber 
Lourmat T-30M 30W fluorescent tube with an emission spectrum of 280-380 nm and a peak at 312 
nm (Fischer Biotech). For UV-A treatment, cells were exposed for 48 hr to ~5.5 W m
-2
 UV-A light 
provided by a Vilber Lourmat T-30L 30W fluorescent tube with an emission spectrum of 315-400 nm 
with an energy peak at 365 nm (Fisher Biotech). The fluorescent tubes were fitted to an Innova
™
 4340 
incubator (New Brunswick Scientific). The exposure time of 48 hr to UV-A and UV-B was selected 
based on previous studies, as significant differences in the detection of MAAs were observed after 48 
hr in other cyanobacterial strains (Rastogi and Incharoensakdi, 2015, Sinha et al., 2003a, Sinha et al., 
2003b) . Triplicate culture samples were shaken periodically throughout the incubation period to avoid 
self-shading. The cell culture was collected by centrifugation (8,500 × g, 10 min, 4°C). The cell pellets 
were snap frozen in liquid nitrogen and stored at -80°C until further use.   
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Table 5.1: Strains and plasmids used in RT-PCR analysis  
Cyanobacterial 
strain 
Location of Isolation Year Reference 
W. intricata UH 
strain HT-29-1 
Soil from Moen Island, Truk Atoll, Caroline Islands, 
Micronesia 
1988 (Stratmann 
et al., 
1994b) 
E. coli strain Genotype Reference 
DH5α F- endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR 
nupGФ80dlacZΔM15Δ(lacZYA-argF)U169, hsdR17(rK
-
mK
+
), 
λ- 
Promega 
Plasmids Purpose Reference  
pGEM T-Easy Cloning and sequencing of RT-PCR targets to confirm 
specificity  
Promega 
pCR
®
2.1-TOPO Cloning and sequencing of RT-PCR targets to confirm 
specificity 
Invitrogen 
 
 
5.2.2 Quantification of cyanobacterial filaments via methanol extraction  
The growth of W. intricata UH strain HT-29-1 was indirectly determined by measuring the 
spectroscopic absorption of chlorophyll a (chl a) per 1 mL of culture. The method for chl a extraction 
was adapted from Meeks and Castenholz (1971) and was performed in triplicate (Equation 5.1). 
Cyanobacterial cells were harvested from 2 mL of liquid culture by centrifugation at 10,000 × g for 10 
min at 4°C in a Heraeus Biofuge Primo R centrifuge (Thermo Fisher Scientific, Waltham, USA). 
Centrifuge tubes were wrapped in aluminium foil to protect sensitive chl a molecules from 
photodegradation by light. Absolute methanol was then used to replace 90% of the supernatant in a 
final vol of 1 mL, and 0.25 vol (w/v) of 435-600 µm acid washed glass beads (Sigma) were added. 
Cells were disrupted by bead beating for 30 sec with 60 sec intervals on ice, repeated three times. 
Cellular debris was removed via centrifugation at 1,000 × g for 5 min at 4°C, and the supernatant was 
measured at OD650 and OD750 using a Ultrospec 2100 Pro Spectrophotometer (Biochrome, Cambridge, 
UK). The concentration of chl a was calculated using the molar absorption coefficient for 90% 
methanol as determined by Meeks and Castenholz (1971).    
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𝓍 =  
[(OD650 − OD750) x (Vm ÷ Vc)]
 Chl 𝑎 absorption coefficient90%
 
Where:   
X = Amount (g) of chl a per mL of culture  
OD650 = Optical density at 650 nm  
OD750 = Optical density at 750 nm 
Vm = Volume of 90% methanol 
Vc = Volume of culture  
Chl a absorption coefficient90% = 78.74 L g
-1
 cm
-1
 
 
 
Equation 5.1: Measurement of chl a content. 
 
 
5.2.3 Extraction of total RNA  
The total RNA from each sample was extracted and purified using the RNeasy Plant Mini kit 
(QIAGEN). Snap frozen filaments were first disrupted in liquid nitrogen through grinding with a 
mortar and pestle as described by the manufacturer. Immediately following the evaporation of the 
liquid nitrogen, the RNA was extracted as described in the manufactures protocol. Additional RNA 
clean-up was performed following the protocol outlined by the manufacturer. Quantitation of RNA 
was performed on a Nanodrop ND-1000 UV-vis spectrophotometer (Nanodrop Technologies, 
Wilmington, USA) and the quality and integrity was analysed by formaldehyde agarose (FA) gel 
electrophoresis (Section 5.2.5). Residual gDNA was removed from total RNA samples using TURBO 
DNA-free™ DNase as described by the manufacturer (Ambion, Carlsbad, USA). The absence of 
contaminating gDNA was checked via PCR with the 27F/809R primer set targeting the cyanobacterial 
rDNA 16S gene (Section 2.2.3) (Jungblut et al., 2005). The PCR reactions were visualised by agarose 
gel electrophoresis.  
 
5.2.4 Formaldehyde gel electrophoresis  
RNA integrity was verified via FA gel electrophoresis as described by QIAGEN RNeasy
®
 Mini 
Handbook (Version 09/2010). All FA gel electrophoresis experiments were carried out using 1.2% 
(w/v) molecular biology grade agarose (Amresco) with 1 × FA gel buffer (20 mM 3-(N-
morpholino]propanesulfonic acid (MOPS), 5.0 mM sodium acetate, 1.0 mM EDTA (pH 7.0)). The 
mixture was heated to melt the agarose and cooled to 65°C before being supplemented with 1.8% (v/v) 
of 37% (v/v) (12.3 M) formaldehyde and 0.1 mg mL
-1
 ethidium bromide (Sigma). The FA gel was 
equilibrated in 1 × FA gel running buffer for 40 min prior to loading samples. 
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RNA samples were mixed with 5 × RNA loading buffer (50 μL of saturated aqueous bromophenol 
blue solution, 80 μL of 500 mM EDTA (pH 8), 720 μL of 37% (v/v) (12.3 M) formaldehyde, 2 mL of 
100% glycerol, 3.084 mL of formamide, 4 mL of 10 × FA gel buffer) to a final concentration of 1 × 
RNA loading buffer. Prior to loading RNA samples onto the equilibrated FA gel, the RNA sample 
with loading buffer was incubated at 65°C for 5 min and then immediately chilled on ice to disrupt 
RNA secondary structures. RNA gels were run at 60 V for one hr.  
 
5.2.5 First strand cDNA synthesis  
Extracted total RNA (Section 5.2.3) was used as a template for synthesis of cDNA. The 
SuperScript
® 
III First-Strand Synthesis System for RT-PCR (Invitrogen) and random hexamer primers 
was used to reverse transcribe 800 ng of total RNA following the manufacturer’s instructions. For 
transcript analysis, 1 µg of UV-B treated RNA was reverse transcribed using 2 µM of a gene specific 
primer (GSP) (either HT_MAAR1 or HT_MAAR2 (Appendix 5.6.2)), following the manufacturer’s 
instructions. A negative cDNA synthesis reaction was included for each reaction excluding reverse 
transcriptase.    
 
5.2.6 Candidate reference genes, primer design and amplicon specificity  
The selection of candidate reference genes was performed by bibliographic search for genes used in 
UV or continuous light studies (Table 5.2). The sequences of the seven selected reference genes were 
obtained from the genome of W. intricata UH strain HT-29-1. The NCBI: Primer-BLAST program 
(www.ncbi.nlm.nih.gov/tools/primer-blast/) was utilised to design the RT-qPCR specific primers 
using specific parameters. The length of the primers was limited to 20-24 bp and the theoretical 
melting temperature (Tm) of the primers was set between 57-63°C. The maximum Tm difference 
between the primer set was limited to 3°C.  The GC content of the primers was set between 45-55% 
and a G/C clamp at the 3ʹ end of each primer was selected. The max self-complimentary score was 5 
and the max 3′ self-complimentary score was 2. The amplicon size was limited to 80-220 bp, with a 
GC content between 50-60%. Nucleotide repeats greater than four were avoided in the amplicon. The 
secondary structure of the amplicon was determined using UNAfold (http://sg.idtdna.com/Unafold/), 
with the temperature set to 55°C, 50 mM Na concentration and 3 mM Mg
2+
 concentration. The 
predicted secondary structures were then checked to confirm there were no hairpin loops in the primer 
annealing region. Additionally, the specificity of the primer set was checked using NCBI and 
Geneious. The RT-PCR primers were synthesised by Geneworks (Appendix 5.6.1). The specificity of 
each primer pair was initially confirmed using standard PCR with gDNA used as the template. PCR 
 CHAPTER 5: RT-PCR ANALYSIS OF MYS GENE CLUSTER                                                                                                                                                              190 
products were analysed by agarose gel electrophoresis for a single band corresponding to the 
appropriate length of the predicted amplicon. The PCR product was then cloned into pGEM-T Easy 
(Promega) (Table 5.1) and the amplicon specificity was confirmed by DNA sequencing. The 
annealing temperature was then optimised through temperature gradient PCR using gDNA as the 
template (Section 5.2.8.2). Furthermore, after RT-PCR analysis (Section 5.2.8), a melting curve 
analysis was performed to confirm the absence of nonspecific products.  
 
 
Table 5.2: Candidate reference genes used in this study  
Gene Tocus Tag Description Reference 
trpA HT291_00399 Tryptophan synthase, alpha subunit  (Huang et al., 2002) 
dgaA HT291_02663 DNA gyrase A (Sorrels et al., 2009) 
rnpA HT291_05484 Protein subunit of ribonuclease P (RNase P) (Pinto et al., 2012) 
rps1B HT291_03602 Small subunit of ribosomal protein S1 (Tu et al., 2004) 
pepC  HT291_00209 Phophoenolphyruvate carboxylase (PEPC), central 
enzyme in carbon concentrating mechanism  
(Pinto et al., 2012, 
Sicora et al., 2006) 
mrp HT291_02024 Multiple drug resistance protein (MRP) homolog   (Pinto et al., 2012) 
 
 
5.2.7 PCR product purification  
The Zymoclean™ gel DNA recovery kit was also used to extract DNA after agarose gel 
electrophoresis for DNA sequencing. The DNA fragment was excised from the gel, and transferred to 
a 1.5 mL tube. The DNA was then recovered as per the manufacturer’s instructions.  
 
5.2.8 RT-PCR  
5.2.8.1 Optimising primer annealing temperature  
A gradient PCR was used to determine the optimum annealing temperature of primers in the RT-
PCR, using the temperature gradient feature of the 96-well iCycler instrument (BioRad). For each 
primer set, eight identical reactions were prepared as previously described in Section 2.2.3, with the 
primer annealing temperature altered to eight temperatures: 55°C, 55.8°C, 57.1°C, 58.9°C, 61.4°C, 
63.3°C, 64.5°C and 65°C.  
5.2.8.2 Optimising assay performance via RT-PCR standard curve  
The efficiency of the RT-PCR assay was determined by a standard curve using five sets of 10-fold 
serial dilutions (10 ng to 0.001 ng) of gDNA for each of the RT-PCR primer sets. The RT-PCR 
mixture was prepared (in triplicate) as described in Section 5.2.8.3, with the primer concentration 
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ranging from 500 nM to 200 nM to determine optimum primer concentration. Standard curves were 
generated by plotting the logarithmic (base 10) concentration of the sample from the dilution series 
against the mean cycle threshold (CT) value. The slope from the linear regression equation was used to 
calculate PCR amplification efficiencies (Equation 5.2). Confidence in the line of regression was 
obtained when R
2
 ≥ 0.990.  
 
𝐸 = 10(−1/slope) 
 
 
 
Where, 
E = efficiency of the primer set 
 
Equation 5.2: Determination of amplification efficiency. 
 
 
 
5.2.8.3 RT-PCR reaction  
Unless otherwise specified, all RT-PCR reactions were prepared as a mastermix following the 
manufacturer’s instructions. Each RT-PCR reaction contained 5 µL of 2 × SsoAdvanced SYBR Green 
Supermix or SsoAdvanced Universal SYBR Green Supermix  (Bio-Rad), 250 nM forward primer, 250 
nM of reverse primer, and 4 µL of cDNA (1 ng of reverse transcribed total RNA) as PCR template in a 
final volume of 10 µL. RT-PCR reactions were prepared in 48-well polypropylene reaction plates 
specific for the Eco™ Real-Time PCR system (Illumina) and sealed using optically clear pressure 
sensitive adhesive seals specific for the Eco™ plates (Illumina). Real Time thermal cycling was 
performed in a 48-well Eco™ Real-Time PCR System with the following thermocycling paramaters: 
initial denaturation (98°C for 2 min), amplification and quantification program repeated 35 times 
(98°C for 5 sec, 60°C for 30 sec, followed by a fluorescence measurement), and a melt curve 
dissociation program (98°C for 2 min, 55-95°C for 5 sec with a continuous fluorescence 
measurement).  
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5.2.9 RT-PCR data analysis  
5.2.9.1 Determining housekeeping gene stability  
Gene stability was assessed using two different mathematical algorithms, NormFinder (Andersen et 
al., 2004) and BestKeeper (Pfaffl et al., 2004). Both algorithms rank the candidate reference genes 
using a stability value (M value for NormFinder and Pearson correlation coefficient (r value) for 
BestKeeper). NormFinder estimates the overall expression variation of the candidate genes. According 
to NormFinder, genes with the lowest M value will be top ranked. For analysis using NormFinder, 
ΔCT values were calculated (CT treatment – CT control) and then log transformed using the 2
-(ΔC
T
) 
method. Each treatment, either UV-B or UV-A stress, was analysed individually. BestKeeper 
calculates standard deviations (SD) and the coefficient of variance (CV) based on the raw CT values of 
all the candidate reference genes. According to BestKeeper, reference genes with a SD < 1 are 
considered to be stably expressed. The algorithm calculates the BestKeeper Index, and then establishes 
pair-wise correlations between each gene and the index. The reference genes with the highest Pearson 
correlation coefficient (r ≈1) and probability (p value) lower than 0.05 are considered to be the most 
stable. The average CT value of each technical triplicate was calculated and imported into the 
Microsoft Excel-based application to analyse reference gene stability.  
All RT-PCR data graphs (standard curves, chromatograms and melt curves) were created using the 
EcoStudy program (version 5.0) provided with the RT-PCR instrument. Raw CT values were imported 
into GraphPad Prism (version 5) to identify the variation in gene expression of the reference genes in 
all biological replicates and conditions.    
5.2.9.2 Determining relative change in gene expression  
The mathematical model developed by Pfaffl (2001) was used to determine the relative change in 
gene expression between UV-B and UV-A treated samples from the control samples. The relative 
expression ratio is calculated based on the primer efficiency and the CT variation of the treated 
samples compared to the control, and is expressed in comparison to the reference gene (Equation 5.3). 
In this study, the relative expression ratios were normalised to the candidate reference gene pepC.  
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Ratio =  
(𝐸𝑡𝑎𝑟𝑔𝑒𝑡)
𝛥𝐶𝑇  target (control−experimental)
 (𝐸𝑟𝑒𝑓)𝛥𝐶𝑇   ref (control−experimental)
 
Where:   
Etarget = Primer efficiency of gene of interest  
Eref = Primer efficiency of reference gene  
ΔCT = CT variation of control – experimental of the target 
or reference gene transcript 
 
 
 
Equation 5.3: Determination of relative change in gene expression.   
 
 
5.2.10 Polycistronic transcript analysis  
In order to determine if all four genes of the mys gene cluster in W. intricata UH strain HT-29-1 
were co-transcribed on the same transcript, cDNA synthesized from RNA of cells treated with UV-B 
for 48 hours was used for PCR analysis. Specific primers targeting the downstream portion of one 
gene, the intergenic region, and the upstream portion of the next gene were used to amplify the targets 
from cDNA by PCR (Appendix 5.6.2). gDNA was used as a template to confirm the size of the PCR 
products and confirm specificity of the primer sets.  
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5.3 RESULTS 
5.3.1 Bioinformatic analysis of the W. intricata UH strain HT-29-1 mys gene 
cluster  
The mys biosynthetic gene cluster was identified within the sequenced genome of W. intricata UH 
strain HT-29-1 (Section 2.3.6). The biosynthetic gene cluster encodes the four genes required for the 
biosynthesis of shinorine, specifically a 3-DHQS (HT291_02283), an O-MT (HT291_02284), an ATP-
grasp ligase (HT291_02285) and an NRPS-like enzyme (HT291_02286). All four genes show 
sequence homology to the previously characterised mys gene cluster from A. variabilis ATCC 29413 
(Table 5.3). The presence of the gene encoding an NRPS-like enzyme suggests the mys gene cluster is 
an Anabaena-type. However, the W. intricata UH strain HT-29-1 mys gene cluster encodes an 
additional gene downstream from the NRPS-like enzyme, HT291_02287, showing sequence 
homology to arogenate dehydrogenases. Analysis of other Subsection V cyanobacterial genomes 
revealed the presence of the additional gene in two other mys gene clusters, specifically from H. 
welwitschii UH strain IC-52-3 and Fischerella sp. PCC 9431. The encoded arogenate dehydrogenases 
display 100% amino acid sequence similarity between all three cyanobacterial strains. The 
arogenate/prephenate dehydrogenase family catalyses the biosynthesis of tyrosine from arogenate in 
the shikimate pathway. HT291_02287 displays 60% identity and 75% sequence similarity to the 
previously characterised arogenate dehydrogenase from Synehocystis sp. PCC 6803 (Accession 
number 2F1K-A) (Table 5.3) (Legrand et al., 2006). Protein alignments of the characterised arogenate 
dehydrogenase with HT291_02287 enabled the identification of putative residues previously proposed 
to be involved in substrate selection and specificity (Legrand et al., 2006) (Appendix 5.6.3).  
 
 
Table 5.3: BLASTp analysis of mys gene cluster from W. intricata UH strain HT-29-1 
Protein Top BLASTp result 
to characterized 
protein 
Organism % 
identity/ 
similarity 
Accession 
number 
HT291_02283 Ava_3858 A.variabilis ATCC 29413 72/85 WP_011320553 
HT291_02284 Ava_3857 A.variabilis ATCC 29413 63/78 WP_011320552 
HT291_02285 Ava_3856 A.variabilis ATCC 29413 76/85 WP_011320551 
HT291_02286 Ava_3855 A.variabilis ATCC 29413 68/81 WP_011320550 
HT291_02287 TyrAsy Synechocystis  sp. PCC 6803 60/75 2F1K-A 
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5.3.2 Determination of polycistronic transcript  
In order to determine if the four genes of the mys gene cluster in W. intricata UH strain HT-29-1 
were co-transcribed on a single transcript, RNA from cyanobacterial cells treated with UV-B was 
reverse transcribed into cDNA using a GSP targeted to HT291_02286. Specific primer sets were 
designed to target adjacent genes and amplify the intergenic regions between each gene from the mys 
gene cluster (Figure 5.3). Evidence of co-transcription was apparent following analysis of the PCR 
products after agarose gel electrophoresis. Bands of the appropriate size were identified, and 
comparable to the gDNA control. In order to determine if the additional gene (HT291_02287) in W. 
intricata UH strain HT-29-1 was also co-transcribed with the mys gene cluster, a GSP targeted to 
HT291_02287 was designed and used to reverse transcribe RNA from cyanobacterial cells treated 
with UV-B (Figure 5.3). Each specific primer set was again used to determine if the genes of the mys 
gene cluster were transcribed on the same transcript, with an additional primer set used to determine if 
HT291_02287 was also encoded on the same transcript. Bands corresponding to the appropriate size, 
comparable to the control gDNA samples, were observed after PCR for each primer set (Figure 5.3) 
(HT291_02283-HT291_02284: 534 bp; HT291_02284-HT291_02285: 287 bp; HT291_02285-
HT291_02286: 856 bp; HT291_02286-HT291_02287: 444 bp). These results suggest that all five 
genes of the mys gene cluster in W. intricata UH strain HT-29-1 are co-transcribed on a single 
transcript.  
 
  
A) 
 
 
 
B) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3: Co-transcription of the genes involved in MAA biosynthesis in W. intricata UH strain HT-29-1. 
A) mys gene cluster from W. intricata UH strain HT-29-1 and the primers used to confirm the co-transcription of the five genes within the gene cluster. Primer 
location and size are also indicated. B) Agarose gel confirming the size and co-transcription of the mys gene cluster under UV-B stress. Positive control for each 
primer set was performed using gDNA. Negative control for each primer set was performed using cDNA synthesis reaction with no reverse transcriptase. PCR 
negative control was performed excluding template DNA.    
3kb 
 
500bp 
1.5kb 
M
ar
k
er
 
P
C
R
 N
eg
at
iv
e 
C
o
n
tr
o
l 
N
eg
at
iv
e 
C
o
n
tr
o
l 
P
o
si
ti
v
e 
C
o
n
tr
o
l 
U
V
B
-t
re
at
ed
 c
D
N
A
 
P
C
R
 N
eg
at
iv
e 
C
o
n
tr
o
l 
N
eg
at
iv
e 
C
o
n
tr
o
l 
P
o
si
ti
v
e 
C
o
n
tr
o
l 
U
V
B
-t
re
at
ed
 c
D
N
A
 
P
C
R
 N
eg
at
iv
e 
C
o
n
tr
o
l 
N
eg
at
iv
e 
C
o
n
tr
o
l 
P
o
si
ti
v
e 
C
o
n
tr
o
l 
U
V
B
-t
re
at
ed
 c
D
N
A
 
P
C
R
 N
eg
at
iv
e 
C
o
n
tr
o
l 
N
eg
at
iv
e 
C
o
n
tr
o
l 
P
o
si
ti
v
e 
C
o
n
tr
o
l 
U
V
B
-t
re
at
ed
 c
D
N
A
 
HT291_02283F- 
HT291_02284R 
HT291_02284F- 
HT291_02285R 
HT291_02285F- 
HT291_02286R 
HT291_02286F- 
HT291_02287R 
 CHAPTER 5: RT-PCR ANALYSIS OF MYS GENE CLUSTER                                                                                                                                                              197 
5.3.3 Choice of candidate reference genes  
Candidate RT-qPCR reference genes were selected based on previously reported genes for which 
expression did not significantly alter under UV stress and previous microarray studies in cyanobacteria 
(Huang et al., 2002, Sorrels et al., 2009, Pinto et al., 2012, Tu et al., 2004, Sicora et al., 2006). As both 
UV-B and UV-A conditions were to be analysed in this study, the aim was to identify a single (or 
multiple) gene(s) stable under both stress conditions. Three genes were originally selected for 
validation as reference genes. dgaA (DNA gyrase A) was previously used as a reference gene for 
analysis of scytonemin expression under UV-A stress (Sorrels et al., 2009). trpA was selected as a 
potential reference gene, since the expression of this gene did not increase or decrease under UV-B 
stress in Synechocystis (Huang et al., 2002). rnpA was recently recommended as a reference gene for 
some cyanobacteria under continuous light conditions (Pinto et al., 2012) (Table 5.2). However, gene 
expression stability analysis of these three reference genes in W. intricata UH strain HT-29-1 (Section 
5.3.4) using two different algorithms, specifically BestKeeper (Pfaffl et al., 2004) and NormFinder 
(Andersen et al., 2004), revealed they were unstable under UV-B stress. Additional reference genes 
were then selected for validation. pepC was previously used as a reference gene under UV-B stress in 
Anabaena and Synechocystis (Sicora et al., 2006), and rps1B was used as a reference gene under high 
light conditions in Synechocystis (Tu et al., 2004) (Table 5.2). mrp has previously been analysed as a 
reference gene in cyanobacteria, and was selected to determine if this gene was stable under UV-B and 
UV-A radiation in W. intricata UH strain HT-29-1 (Pinto et al., 2012). These genes were also unstable 
under UV-B stress, and will be discussed below.  
5.3.4 Amplicon specificity, RT-qPCR efficiencies and analysis of CT values  
A standard PCR reaction was used to confirm that each primer set targeted a single DNA fragment 
(Figure 5.4). Specificity of the PCR product was confirmed through DNA sequencing. The annealing 
temperature for each primer set was optimised using a gradient PCR (Appendix 5.6.4). Standard 
curves were performed on each primer set using gDNA to determine amplification efficiencies (E). 
Primer concentrations were altered to obtain an E value within the recommended range of 90-110%. 
All reference genes exhibited an E value within the recommended range with an acceptable R
2
 value 
(≥0.990), demonstrating linearity and reproducibility of the RT-PCR primer sets (Table 5.4). Melt 
curves were performed after each standard curve and RT-PCR reaction, and a single distinct peak was 
observed, indicating a single amplicon was produced (Figure 5.5). Furthermore, no amplification was 
observed in the no template controls (NTC), indicating a lack of contamination. In all standard curve 
and RT-PCR reactions, three technical replicates were analysed, and abnormal plots were excluded 
prior to data analysis. Raw CT values from all RT-PCR reactions were extracted and represented by 
box-and-whiskers plots. Overall, the median CT values ranged from 23 to 27, with the lowest median 
CT value from rnpA and the highest from pepC (Figure 5.6).  
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A) 
 
 
 
 
 
 
 
 
 
 
 
B)  
 
 
 
Figure 5.4: Specificity of RT-PCR primers. 
Each set of RT-PCR primers was initially tested against W. intricata UH strain HT-29-1 gDNA to 
confirm a single PCR product was produced. PCR products were run on a 1% agarose gel. All 
bands correspond to the predicted size when compared against the molecular marker (100 bp 
ladder). Positive control amplified cyanobacterial 16S ribosomal gene using 27F/809R primers. 
Negative control contained no DNA. A) Agarose gel of primer specificities for trpA, rnpA, dgaA 
and HT291_02283. Negative control contained 27F/809R primers. B) Agarose gel of primer 
specificities for rps1B, pepC, mrp and HT291_02286. Negative control for each set of primers.   
 
 
 
Table 5.4: Amplicon sizes and parameters derived from RT-qPCR data analysis 
Gene Amplicon 
size (bp) 
Amplicon 
Tm (°C) 
Amplification 
efficiency (E) 
R
2
 Slope y 
interception 
trpA 205 84.1 100.13 0.996 -3.33 17.41 
rnpA 194 82.9 98.12 0.996 -3.37 16.91 
dgaA 502 82.9 99.03 0.999 -3.35 17.33 
rspB1 186 80.5 96.00 0.997 -3.42 20.69 
pepC 193 82.9 100.92 0.997 -3.30 19.38 
mrp 202 83.2 105.19 0.994 -3.20 20.69 
HT291_02283 170 80.8 99.67 0.987 -3.33 18.48 
HT291_02286 205 82.6 101.75 0.990 -3.28 21.07 
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Figure 5.5: Standard curve data for HT291_02283 
A) Amplification plot of standard curve. B) Standard curve. C) Melt curve analysis. D) Agarose gel of products from standard curve analysis.  
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Figure 5.6: Box-and-whiskers plots of candidate reference gene CT values in W. intricata UH 
strain HT-29-1 for all samples and replicates (n = 9). 
Boxes correspond to CT values within the 25
th
 and 75
th
 percentiles and the median is represented by a 
horizontal line. Whiskers indicate minimal to maximal values.  
 
 
5.3.5 Assessing gene stability and choice of reference gene 
Gene expression stability was analysed using two different algorithms, specifically BestKeeper 
(Pfaffl et al., 2004) and NormFinder (Andersen et al., 2004). BestKeeper and NormFinder rank the 
candidate reference genes according to either the Pearson’s correlation coefficients (r for BestKeeper) 
or the calculated stability value (M for NormFinder). The analysis was performed to assess the 
stability of the candidate reference genes under the two different UV stress conditions (UV-B and UV-
A).  
Gene expression stability was analysed under each stress condition separately using both 
BestKeeper and NormFinder. There were some discrepancies between the rankings determined by the 
two different algorithms. Under UV-B stress, BestKeeper ranked pepC as the most stable gene, 
followed by rps1B as the second most stable gene and mrp as the third most stable gene (Table 5.5). 
However, NormFinder ranked both pepC and mrp as equally the most stable genes, followed by rps1B 
(Table 5.6). dgaA, trpA and rnpA were ranked as the least stable genes under UV-B stress using both 
BestKeeper and NormFinder, however, the order varied between the two algorithms. According to 
BestKeeper, dgaA was ranked the fourth most stable gene, followed by rnpA and then trpA (Table 
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5.5), however, NormFinder ranked trpA as the fourth most stable gene, followed by dgaA and then 
rnpA under UV-B stress (Table 5.6). According to BestKeeper, reference genes with a SD lower than 
1 are considered stably expressed. All six candidate reference genes tested displayed a SD above 1 
under UV-B stress, and were therefore considered to be unstable. As none of the six genes were stably 
expressed under UV-B stress, the most stable gene was selected, based on the lowest SD with the 
highest Pearson’s correlation coefficient and p-value below 0.05. The experimental results showed 
pepC had the lowest SD (1.07) and the highest Pearson’s correlation coefficient (r = 0.997), with a p-
value below (0.05) under UV-B stress. As this gene was stably expressed under UV-A, pepC was 
selected as the reference gene for normalisation.  
Under UV-A stress, BestKeeper and NormFinder ranked trpA and mrp as the most stable genes 
(Table 5.5 and 5.6). The remaining genes were considered to be the least stable under UV-A stress, 
however, like UV-B stress, the order varied between the two algorithms. Using BestKeeper, rps1B 
was ranked as the third most stable gene, followed by pepC, rnpA and dgaA under UV-A stress. 
NormFinder ranked pepC as the third most stable gene, followed by dgaA, rps1B and rnpA under UV-
A stress (Table 5.6). All six reference genes displayed a SD below 1, and were therefore considered to 
be stably expressed under UV-A stress. As all six reference genes were stably expressed under UV-A, 
pepC was selected as the reference gene to keep the analysis consistent with the UV-B experiment.   
 
 
Table 5.5: Ranking of candidate reference genes according to the Pearson’s correlation 
coefficient (r) calculated against the BestKeeper index and descriptive statistics. 
Condition Ranking (most to least stable) 
UV-B 1 2 3 4 5 6 
Reference gene pepC rps1B mrp dgaA rnpA trpA 
R 0.997 0.991 0.953 0.938 0.939 0.884 
p-value 0.001 0.003 0.005 0.006 0.001 0.019 
SD (±CP) 1.07 1.13 1.36 1.53 1.42 1.03 
CV (%CP) 3.95 4.25 5.42 6.59 5.81 3.97 
UV-A 1 2 3 4 5 6 
Reference gene trpA mrp rps1B pepC rnpA dgaA 
R 0.994 0.986 0.940 0.883 0.862 0.821 
p-value 0.001 0.001 0.005 0.020 0.027 0.045 
SD (±CP) 0.45 0.78 0.51 0.48 0.64 0.32 
CV (%CP) 1.74 3.14 1.89 1.75 2.61 1.31 
Abbreviations: SD (±CP): standard deviation of the CP (crossing point); CV (%CP): coefficient of 
variance expressed as a percentage of the CP level.   
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Table 5.6: Ranking on candidate reference genes according to stability value (M) calculated 
using NormFinder 
Condition Ranking (most to least stable) 
UV-B 1
Ω
 1
Ω
 3 4 5 6 
Reference gene pepC mrp rps1B trpA dgaA rnpA 
M  0.018 0.018 0.796 2.608 3.153 3.501 
UV-A 1 2 3 4 5 6 
Reference gene mrp trpA pepC dgaA rps1B rnpA 
M  0.084 0.167 0.168 0.231 0.258 0.585 
Ω
Both genes have the same M value and therefore ranked equal first  
 
 
5.3.6 Effect of UV-B and UV-A on expression of mys gene cluster  
In order to determine the effects of UV-B and UV-A radiation individually on the expression of the 
mys gene cluster, W. intricata UH strain HT-29-1 cyanobacterial cells were exposed to UV-B or UV-
A for 48 hr. After exposure, total RNA was extracted, reverse-transcribed into cDNA using random 
hexamer primers and analysed using RT-qPCR. Two genes, specifically the first and fourth genes of 
the mys gene cluster, HT291_02283, and HT291_02286, which encode 3-DHQS and an NRPS-like 
enzyme, respectively, were selected for analysis. HT291_02286 was selected as an additional control 
to confirm any increase or decrease in expression. The expression of the target genes were normalised 
against the selected reference gene pepC.  
Under UV-B stress, both genes from the W. intricata UH strain HT-29-1 mys gene cluster were up-
regulated when normalised to the reference gene pepC. Relative transcript abundance levels of 
HT291_02283 (3-DHQS homolog) increased 5.8-fold, whilst HT291_02286 increased by 4.53-fold 
after 48 hr of UV-B stress (Figure 5.7). Under UV-A stress, expression of the mys gene cluster was 
also increased. Relative transcript abundance levels of HT291_02283 increased 2.36-fold, whilst 
HT291_02286 only increased 1.13-fold after 48 hr of UV-A stress (Figure 5.7). These results suggest 
that both UV-B and UV-A are responsible for increasing the expression of the mys gene cluster, 
however, UV-B had a greater effect on expression than UV-A stress.  
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Figure 5.7: Gene expression dynamics of the MAA genes in response to UV-B and UV-A 
radiation, based on RT-qPCR of reversed-transcribed RNA extracts. 
The data is presented as the change in gene expression of the UV-exposed cultures with respect 
to the non-UV-exposed control cultures. Data is presented as mean ± SEM (n = 9).  
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5.4 DISCUSSION 
5.4.1 Bioinformatic analysis of mys gene cluster in W. intricata UH strain HT-
29-1  
The ability of cyanobacteria to biosynthesise UV-absorbing compounds is extremely important in 
order to protect themselves against harmful UV radiation. However, not all cyanobacteria encode a 
MAA or scytonemin gene cluster, and the ability to biosynthesis both MAAs and shinorine is very rare 
(Rastogi and Incharoensakdi, 2014a, Asencio and Hoffmann, 2013). A screen of the 13 sequenced 
Subsection V cyanobacterial genomes revealed only eight contained a mys gene cluster, all of which 
are the Anabaena-type (Section 2.3.6). However, in three cyanobacterial genomes, an additional gene 
which encodes an arogenate dehydrogenase was identified immediately downstream from the gene 
encoding the NRPS-like enzyme and bioinformatic analysis revealed that the encoded protein displays 
similarity to the characterised arogenate dehydrogenase from Synechocystis sp. PCC 6803 (Legrand et 
al., 2006). Protein alignments revealed the putative proposed residues involved in substrate selection 
of arogenate were also identified in W. intricata UH strain HT-29-1, suggesting HT291_02287 may 
also select arogenate. Transcriptional analysis revealed the gene is co-transcribed with the mys gene 
cluster in W. intricata UH strain HT-29-1. This is the first report of an additional gene expressed as 
part of the mys gene cluster in cyanobacteria. Recently, a putative FAD dependent oxidoreductase has 
been identified downstream from the mys gene cluster in M. aeruginosa PCC 7806, however, co-
transcriptional analysis has not been performed to determine if the gene is transcribed as part of the 
mys gene cluster (Hu et al., 2014). Furthermore, putative regulatory elements have been identified 
downstream of the mys gene cluster in Anabaena and Nostoc, yet their involvement in the regulation 
of MAA biosynthesis remains unknown (Hu et al., 2014). Tyrosine has been shown to inhibit the 
biosynthesis of MAA under both UV-B and osmotic stress in Chlorogloeopsis sp. PCC 6912 
(Portwich and Garcia-Pichel, 2003). It has been predicted that tyrosine acts as a feedback inhibitor of 
the shikimate pathway. Arogenate dehydrogenases catalyse the biosynthesis of tyrosine from 
arogenate in cyanobacteria (Figure 5.8) (Legrand et al., 2006). HT291_02287, a putative arogenate 
dehydrogenase, may therefore be involved in regulation of MAA biosynthesis in W. intricata UH 
strain HT-29-1 through feedback inhibition of the shikimate pathway (Figure 5.8). Although MAA 
biosynthesis was shown to proceed from SH 7-P precursor of the pentose phosphate pathway in A. 
variabilis ATCC 29413 and N. punctiforme ATCC 29133 (Balskus and Walsh, 2010), Spence et al. 
(2012), recently demonstrated that shinorine is not exclusively produced through the pentose 
phosphate pathway, and may proceed through the shikimate pathway by utilising the convergent 
intermediate 4-DG in A. variabilis ATCC 29413. Pope et al. (2015) confirmed the shikimate pathway 
is the predominant pathway for MAA biosynthesis in A. variabilis ATCC 29413. Thus, HT291_02287 
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may be involved in the regulation of MAA biosynthesis if the intermediates from the shikimate 
pathway are utilised in W. intricata UH strain HT-29-1. Another possibility is that HT291_02287 
catalyses the biosynthesis of another MAA from shinorine. Although the biosynthesis of shinorine has 
been characterised, the biosynthesis of the remaining MAAs have not been characterised. As this is the 
first identification of an additional gene co-transcribed as part of the mys gene cluster, HT291_02287 
may be responsible for the biosynthesis of other MAAs.    
 
Figure 5.8: Proposed regulation of shinorine biosynthesis via shikimate or pentose phosphate 
pathway by tyrosine. 
Origins of the 3-deoxy-D-arabinoheptulosinate phosphate (DAHP) and sedoheptulose 7-phosphate 
(SH 7-P) precursors in the shikimate and pentose phosphate pathways are shown. A mechanism to 
shunt between the pentose phosphate and shikimate pathways is demonstrated by a transaldolase (TA). 
SH 7-P can be converted to erythrose-4-phosphate by a specific AT. Tyrosine biosynthesis is catalysed 
by arogenate dehydrogenase from arogenate. DAHP biosynthesis, and ultimately shinorine 
biosynthesis, is proposed to be regulated by tyrosine. PEPCK = phosphoenol-pyruvate carboxykinase, 
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PK = phosphokinase, AT = aminotransferase and TK = transketolase. Figure adapted from Pope et al. 
(2015).     
5.4.2 Co-transcription of mys gene cluster in W. intricata UH strain HT-29-1  
Transcript analysis of the mys gene cluster in W. intricata UH strain HT-29-1 revealed all four 
genes (encoding DHQS homolog, O-MT enzyme, an ATP-grasp enzyme and an NRPS-like enzyme) 
are encoded on a single transcript. This is the first report of co-transcription of the four genes encoding 
shinorine biosynthesis in cyanobacteria. Furthermore, this is the first report of an additional gene 
(arogenate dehydrogenase) co-transcribed as part of a mys gene cluster. Recently, Hu et al. (2014) 
performed mutational studies on mysA and mysB (which encode 3-DHQS and O-MT, respectively) in 
M. aeruginosa PCC 7806. Mutation of mysA resulted in termination of transcription of the entire mys 
gene cluster, detected through RT-PCR of each individual gene in the gene cluster. Mutations in either 
mysA or mysB resulted in complete loss of shinorine biosynthesis (Hu et al., 2014). These results 
contradicted mutations studies performed on Anabaena, where mutation of Ana_3835 still resulted in 
the biosynthesis of shinorine (Spence et al., 2012). It was suggested that intermediates from the 
shikimate pathway were used instead of the pentose phosphate pathway, as both pathways share a 
common intermediate (4-DG). In Chlorogloeopsis, mycosporine-glycine is biosynthesised under 
osmotic stress, and shinorine under UV-B stress (Portwich and Garcia-Pichel, 1999), suggesting the 
fourth gene in the mys gene cluster may be regulated by UV radiation. Furthermore, it is possible that 
mycosporine-glycine is biosynthesised under normal laboratory conditions, and shinorine or another 
MAA is biosynthesised under UV stress in W. intricata UH strain HT-29-1.   
 
5.4.3 Analysis of RT-PCR reference genes for the study of gene expression in 
response to UV stress  
The selection of suitable reference genes is extremely important for RT-qPCR analysis. Validation 
of reference genes is essential in order to prevent biased expression profiles (Pinto et al., 2012). To 
date, no reference genes have been validated from W. intricata UH strain HT-29-1 or from Subsection 
V cyanobacteria under any growth conditions. Three candidate reference genes were originally 
selected for analysis which had been previously used as reference genes from cyanobacteria. dgaA, 
trpA and rnpA were all found to be unstable under UV-B stress, but stable under UV-A stress 
conditions. There were a number of discrepancies in the rankings of these genes using the two 
algorithms, BestKeeper and NormFinder. Under UV-B stress, rnpA was ranked the second least stable 
gene according to BestKeeper, but was ranked the least stable using NormFinder. rnpA was ranked as 
one of the most stable genes under UV-B stress in Synechococcus sp. PCC 7002 (Szekeres et al., 
2014). These results indicate that a gene considered to be stable in one cyanobacterial strain may not 
be stable in another stain under the same conditions analysed. An additional three genes were then 
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tested for their suitability as a reference gene in W. intricata UH strain HT-29-1. Although pepC was 
ranked the most stable using both algorithms, the gene was still unstable under UV-B stress. Like 
rnpA, pepC was also considered to be one of the most stable genes under UV-B stress in Synecococcus 
sp. PCC 7002 (Szekeres et al., 2014). Only two studies have validated reference genes in 
cyanobacteria, and genes previously considered to be stable in one cyanobacterium were found to be 
unstable in another (Pinto et al., 2012, Szekeres et al., 2014). For example, petB was recommended as 
a reference gene in cyanobacteria (Pinto et al., 2012), however, specific studies on Synechococcus sp. 
PCC 6803 revealed this gene was not suitable in this strain of cyanobacteria, as it was ranked amongst 
the weakest genes using three algorithms (geNorm, BestKeeper and NormFinder) (Szekeres et al., 
2014). Collectively, these results highlight the need to validate reference genes in individual strains of 
cyanobacteria.  
A suitable reference gene for normalisation in W. intricata UH strain HT-29-1 under UV-B stress 
was unable to be identified in this study based on the algorithms used. Potential candidate reference 
genes for future analysis include rnpB and secA, which are considered stable under UV-B stress in 
Synechocystis sp. PCC 6803 (Cadoret et al., 2005, Cheregi et al., 2007) and Synechococcus sp. PCC 
7002 (Szekeres et al., 2014), respectively. However, rnpB is not recommended as a reference gene 
under continuous light in Lyngbya aestuarii CCY 9616 (Pinto et al., 2012). Therefore, although rnpB 
and secA are recommended as reference genes in cyanobacteria, there is no guarantee these genes will 
be stably expressed under UV-B stress in W. intricata UH strain HT-29-1. The use of the 16S rRNA 
gene for normalisation is also a possibility; however, under UV-B stress in Synechococcus sp. PCC 
7002, 16S was ranked amongst the lowest genes, and not recommended for normalisation (Szekeres et 
al., 2014). Microarray studies may be more beneficial in identifying stable genes under UV-B stress to 
be used as reference genes in W. intricata UH strain HT-29-1. mrp has never been analysed before 
with respect to its quality as a reference gene in cyanobacteria under UV-B and UV-A stress. In this 
study, the gene was considered to be unstable under UV-B stress in W. intricata UH strain HT-29-1. 
However, it was ranked the most stable using both algorithms under UV-A stress in W. intricata UH 
strain HT-29-1, and may be used in future studies as a possible candidate reference gene under UV-A 
stress.   
 
5.4.4 Induction of expression of mys gene cluster by UV-B and UV-A radiation 
in W. intricata UH strain HT-29-1  
In W. intricata UH strain HT-29-1, expression of the mys biosynthetic gene cluster was increased 
upon exposure to both UV-B and UV-A, however a more pronounced effect was observed under UV-
B stress. Expression of the mys gene cluster was measured using two genes, specifically genes 
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encoding 3-DHQS (HT291_02283) and NRPS-like enzyme (HT291_02286). Previous studies on the 
expression of the scytonemin biosynthetic gene cluster confirmed that genes encoded on a single 
transcript display similar expression levels (Soule et al., 2009a). Therefore, as all the genes present 
within the mys biosynthetic gene cluster in W. intricata UH strain HT-29-1 were all encoded on a 
single transcript, only analysis of the first gene within the mys gene cluster was required to determine 
the effect of UV radiation on transcript expression. However, the expression level of the gene 
encoding the NRPS-like enzyme was also included as a control to confirm similar expression levels. 
This was confirmed as the expression of HT291_02283 and HT291_02286 increased 5.8 and 4.53-fold 
under UV-B stress, respectively. There may be some bias with these results due to the instability of the 
reference gene (pepC) used for normalisation, however, the biosynthesis of MAAs has previously 
been shown to be increased under UV-B radiation in other cyanobacteria. Biosynthesis of the MAA 
aseterina was significantly increased under UV-B radiation compared to UV-A radiation in Lyngbya 
sp. CU2555 (Rastogi and Incharoensakdi, 2014a), suggesting the RT-PCR results in this study are 
potentially valid, however, the identification of a stable reference gene is required to confirm these 
results. Under UV-A stress, the expression of HT291_02283 and HT291_02286 increased 2.36 and 
1.13 fold, respectively. The biosynthesis of MAAs is induced by UV-A and UV-B radiation in a 
number of cyanobacteria. Shinorine is produced under UV-B radiation in Chlorogloeopsis (Portwich 
and Garcia-Pichel, 1999), Anabaena (Singh et al., 2008b, Singh et al., 2008c, Sinha et al., 1999, Singh 
et al., 2013, Sinha et al., 2001), Nodularia (Sinha et al., 2003b), Gloeocapsa (Rastogi and 
Incharoensakdi, 2014b), Nostoc (Sinha et al., 2001) and Scytonema (Sinha et al., 2001). Biosynthesis 
of three MAAs (palythine, asterina and M-312) were significantly induced upon exposure to UV-B 
radiation in Lyngbya sp. CU2555 (Rastogi and Incharoensakdi, 2014a), however, asterina could also 
be induced under UV-A radiation. New MAAs, M-307 and M-335, were also induced under UV-B 
radiation in Gloeocapsa sp. CU2556 (Rastogi and Incharoensakdi, 2014b) and Rivularia sp. HKAR-4 
(Rastogi et al., 2014), respectively. Furthermore, mycosporine-glycine and porphyra-334 were both 
induced by UV-B radiation in Anabaena doliolum (Singh et al., 2013).  
  However, MAA biosynthesis is not always induced under UV-B radiation. Recently, Hu et al. 
(2014) demonstrated that UV-B radiation did not induce the biosynthesis of MAA in M. aeruginosa 
PCC 7806. Interestingly, transcript abundance of mysA (encoding 3-DHQS) actually decreased under 
UV-B radiation after one hr of treatment, and after eight days of UV-B treatment, no increase in the 
concentration of the MAA shinorine was observed (Hu et al., 2014). It had been suggested that 
shinorine plays a structural role in the formation and integrity of the extracellular matrix of 
Microcystis, with a minor role in UV protection (Hu et al., 2014). In Synechocystis sp. PCC 6803, 
three MAAs were identified without any UV radiation (Spence et al., 2012), and therefore may have 
other cellular functions in addition to UV protection (Spence et al., 2012). However, the increase in 
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transcription of the mys gene cluster under UV-B stress in W. intricata UH strain HT-29-1 suggests 
MAAs have a UV protection role in this strain. 
Other stress conditions and compounds can also induce biosynthesis of MAAs in cyanobacteria. 
Biosynthesis of MAAs occurs under osmotic stress in Chlorogloeopsis sp. PCC6912 (Portwich and 
Garcia-Pichel, 1999), A. variabilis (Singh et al., 2008b) and Arthrospira sp. (Waditee-Sirisattha et al., 
2014). However, in Nostoc commune, NaCl had no impact on the biosynthesis of MAAs (Sinha et al., 
2003a), suggesting osmotic regulation of the mys gene cluster is also species specific. Ammonium also 
has a significant effect on the induction of MAA biosynthesis both with and without UV radiation in 
A. variabilis (Singh et al., 2008b). Furthermore, the media used for growth of cyanobacteria can also 
impact the biosynthesis of MAAs. In A. variabilis PCC 7937, the highest concentration of the MAA 
shinorine was observed when grown in BG-11 media (Singh et al., 2008a). In Chlorogloeopsis sp. 
PCC 6912, the aromatic amino acids phenylalanine, tryptophan and tyrosine all caused a reduction in 
shinorine biosynthesis under UV-B stress. The biosynthesis of shinorine in A. variabilis PCC 7937 
was inhibited when magnesium sulphate was omitted from the growth media (Singh et al., 2010b). 
Furthermore, deficiency of sulphur resulted in the inhibition of shinorine biosynthesis, and induced the 
biosynthesis of palythine-serine in A. variabilis PCC 7937 (Singh et al., 2010b).  
In cyanobacteria, the biosynthesis of MAAs are important for UV protection. MAAs have been 
shown to prevent three out of every ten photons from hitting cytoplasmic targets, and higher 
concentrations of MAAs enable the cell be become up to 25 % more resistant to UV radiation (Garcia-
Pichel et al., 1993). Furthermore, MAAs are capable of effectively dissipating absorbed radiation as 
heat, without the production of ROS (Conde et al, 2007). The radical scavenging activity of some 
MAAs has recently been reported in cyanobacteria, including glycosylated MAAs in N. commune 
(Matsui et al, 2001) and Lyngbya sp. (Rastogi and Incharoensadki 2013), and mycosporine-glycine in 
Arthrospira sp. CU2556 (Rastogi and Incharoensadki 2014). The ability of MAAs to reduce the level 
of ROS caused by UV radiation indicates the protective role these compounds in cyanobacteria. The 
biosynthesis of MAAs in cyanobacteria is proposed to be induced by a UV-B photoreceptor. Portwich 
and Garcia-Pichel (2000) suggested a reduced pterin as a probable candidate for the UV-B 
photoreceptor responsible for the induction of shinorine biosynthesis.  
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5.5 CONCLUSION 
The regulation of the mys biosynthetic gene cluster in W. intricata UH strain HT-29-1 was 
investigated in this study. This is the first report of an additional gene transcribed with a mys gene 
cluster, and also the first time the upregulation of a mys gene cluster under UV-B stress was analysed 
through RT-qPCR. The need for validation of reference genes prior to RT-qPCR analysis is 
highlighted in this study. This is only the third report of validation of reference genes from 
cyanobacteria, and the instability of the candidate reference genes under UV-B stress strongly 
indicates that there isn’t a ‘universal’ set of reference genes which can be used under UV radiation in 
all cyanobacteria.  
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5.6 APPENDIX 
5.6.1 Nucleotide sequences and melting temperatures of primers used in RT-
qPCR  
Gene Primer name Sequence (5′3′) Tm 
(°C)
Ω 
 
Product 
size (bp) 
trpA RTW_trpAF CCCTATTCTGATCCTCTGGCG 59.73 
205 
 RTW_trpAR CAGCATTTGCGATTTGTTGGAG 59.34 
rnpA RTW_rnpAF GTAAAACCAACAAACTCGGTGC 58.89 
194 
 RTW_rnpAR CACTTAGATTCTGCGACCGTTG 59.65 
dgaA RTW_dgaAF TCAAAGACCAACTAGCCAACTTAC 58.94 
205 
 RTW_dgaAR GTCGCATCAACAGTATCAGGGG 61.06 
rps1B RTW_rps1BF ACACATCAAGCAGATCACTCAG 58.4 
186 
 RTW_rps1BR GCACTTGCCATCACTTCGTC 59.83 
pepC RTW_pepCF CAAGAGTTGGCAAGCAAATCC 58.32 
193 
 RTW_pepCR CACTCGTCGCTGTTTATCGC 59.71 
mrp RTW_mrpF TATTGACTACACCCGCCTGTC 59.52 
202 
 RTW_mrpR TTACCAACACCACCTTTGCC 58.60 
HT291_ 
02283 
RTW_HT2283F ATCAATGGGTACACCTCACGC 60.41 
170 
RTW_HT2283R CGACAACAGTTAAGCAACGTCC 60.35 
HT291_ RTW_HT2286F CGTCCTTTCTTCTGCATCCATC 59.39 
205 
02286 RTW_HT2286R TTTGATATGGGCCTGTGGGTTG 60.89 
Ω 
Melting temperature of primers determined using Primer-BLAST 
 
5.6.2 Specific primers used for polycistronic transcript analysis  
Primer set: Primer name:  5’ 3’  Tm Product 
(bp) 
Reverse cDNA primer 
from HT291_02286 
HT_MAAR1 GCTTGGCGGGCTTTTTC 65.8 6,139 
Reverse cDNA primer 
from HT291_02287 
HT_MAAR2 GCTTTGCTTCTAAATCTGTCC 59.5 7,375 
3-DHQS/O-MT 
HT_02283F GTTTAGCCCTTGACCATCC 60.9 
534 
HT_02284R CACCGTCTCACCATCAC 58.4 
O-MT/ATP-grasp 
HT_02284F CAAGTCATTACCCAAGATTCG 60.9 
287 
HT_02285R CAGCGATACCAACACAATC 59.1 
ATP-grasp/NRPS-like 
HT_02285F CCTACTGGACTTATCACGAAATC 60.4 
856 
HT_02286R CGACACCTGGGAATCTG 60.3 
NRPS-like/Arogenate 
dehydrogenase 
HT_02286F CGTCCCTATCCTGGTAAAG 58.6 
444 
HT_02287R GATTGCTGACGACTGACTC 58.5 
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Synechocystis. sp. MKIGVVGLGLIGASLAGDLRRRGHYLIGVSRQQSTCEKAVERQLVDEAGQDLSLLQTAKI 
HT291_02287        MNIGILGLGLIGGSLGFDLRSHGHYVVGVSRQQSTCTKAIALGSVDQASVDISLLTTVEV 
                   *:**::******.**. *** :***::********* **:    **:*. *:*** *.:: 
 
Synechocystis. sp. IFLCTPIQLILPTLEKLIPHLSPTAIVTDVASVKTAIAEPASQLWSGFIGGHPXAGTAAQ 
HT291_02287        VFICTPIKLIIPTVEQLITHLPANVVITDVGSVKTPIVKAISPLWTNFIGGHPMAGTAES 
                   :*:****:**:**:*:** **  ..::***.**** *.:  * **: ****** **** . 
 
Synechocystis. sp. GIDGAEENLFVNAPYVLTPTEYTDPEQLAXLRSVLEPLGVKIYLCTPADHDQAVAWISHL 
HT291_02287        GIEAAQRHLFVDRPYVLTPTATTPPEAISTVETIVKQLGSKLYYCPPEDHDRAVSWISHL 
                   **:.*:..***: *******  * ** :: :.:::: ** *:* * * ***:**:***** 
 
Synechocystis. sp. PVMVSAALIQACAGEKDGDILKLAQNLASSGFRDTSRVGGGNPELGTMMATYNQRALLKS 
HT291_02287        PVMVSAALITACLGENDPQVLQLAQKLASSGFRDTSRVGGGNPELGMMMAQYNQQELLRS 
                   ********* ** **:* ::*:***:******************** *** ***: **:* 
 
Synechocystis. sp. LQDYRQHLDQLITLISNQQWPELHRLLQQTNGDRDKYVE-- 
HT291_02287        LHQYRHHLDELIHLIQQENWTDLEAKLKLTQSNRPEFVENC 
                   *::**:***:** **.:::* :*.  *: *:.:* ::**   
 
5.6.3 Protein alignment of characterised arogenate dehydrogenase from 
Synechocystis sp. PCC 6803 with HT291_02287 
The highlighted residues (His179, Gly219, Gly221, Gly226, Met228 and Tyr232) may be involved in 
substrate recognition and specificity. 
 
 
 
 
 
 
 
 
 
5.6.4 Analysis of optimum annealing temperature for RT-PCR primers.  
Eight identical samples across eight temperatures between 55-65°C (specified above agarose gel) 
were assayed for each set of RT-PCR primers using W. intricata UH strain HT-29-1 gDNA (pepC 
primers used in the agarose gel).  
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6.1 GENERAL DISCUSSION 
Cyanobacteria are well known as a rich source of novel bioactive secondary metabolites, however, 
recent genome sequencing projects have revealed a far greater potential for cyanobacteria to produce 
secondary metabolites than previously expected. In particular, analysis of the Subsection V 
cyanobacterial genomes revealed a higher percentage of the genome is dedicated to NRPS/PKS 
pathways compared to the other cyanobacterial subsections (Calteau et al., 2014). There are a number 
of classes of natural products for which the corresponding gene cluster has not been previously 
identified or searched for via genome mining. Thus, genome mining for all classes of natural products 
within the publically available Subsection V cyanobacteria, in addition to W. intricata UH strain HT-
29-1 and H. welwitschii IC-52-3, revealed the potential of the Subsection V cyanobacteria to produce a 
wide range of secondary metabolites. The bioinformatic identification of biosynthetic gene clusters 
from genomes provides a platform for biochemical characterisation. In vitro biochemical 
characterisation of several proteins within the hpi/amb/wel gene clusters confirmed some of the early 
stages of hapalindole biosynthesis, and revealed the biosynthesis may be different from previously 
proposed. Additionally, transcriptional analysis of the mys gene cluster from W. intricata UH strain 
HT-29-1 through RT-qPCR revealed, for the first time, the transcription of an arogenate 
dehydrogenase gene as part of the gene cluster. 
 
6.1.1 Genome mining of Subsection V cyanobacteria reveal the potential for 
secondary metabolite biosynthesis  
Genome mining revealed each Subsection V cyanobacteria dedicated between 0.87 and 3.5% of the 
genome to secondary metabolite biosynthesis, which is comparable to the range cyanobacteria 
typically dedicated to natural product biosynthesis (Rounge et al., 2009, Jones et al., 2011, Wang et 
al., 2012, Humbert et al., 2013, Voß et al., 2013). Genome mining led to the first identification of a 
complete NRPS/PKS biosynthetic gene cluster for hapalosin biosynthesis from the producing 
Subsection V cyanobacteria, H. welwitschii UH strain IC-52-3. Genome mining enabled the 
identification of the hpi, amb and wel gene clusters from four known producers of the hapalindole 
family of natural products. The identification of the hap, hpi, amb and wel gene cluster highlights the 
ability of genome mining to rapidly identify a complete gene cluster for a known metabolite. 
Furthermore, the identification of the hap gene cluster from two additional Subsection V 
cyanobacteria genomes highlights the ability of genome mining to identify new sources of 
cyanobacteria potentially capable of producing the anti-cancer compound. Additionally, the 
identification of the hpi and wel gene clusters from Fischerella sp. PCC 9339, Fischerella sp. PCC 
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9431 and F. muscicola SAG 1427-1 revealed new potential sources of cyanobacteria capable of 
producing members of the hapalindole family of natural products.   
Genome mining for biosynthetic gene clusters within the Subsection V cyanobacteria identified the 
presence of genes encoding enzymes not typically identified within cyanobacterial gene clusters. 
Genome mining for NRPS/PKS gene clusters led to the identification of genes encoding fatty acid 
desaturases, dioxygenases and glycosyltransferases. The identification of these genes within 
NRPS/PKS gene clusters suggests the encoded natural products may contain chemical functionalities 
which have not been previously identified within NRPS/PKS polyketides and peptides. Analysis of the 
Subsection V cyanobacteria revealed the presence of an additional gene, encoding an arogenate 
dehydrogenase, within the mys gene cluster from three Subsection V cyanobacterial genomes. To date, 
only the biosynthesis of mycosporine-glycine and shinorine has been characterised. Genes involved in 
the biosynthesis of shinorine and mycosporine-glycine analogues remains elusive. The co-
transcription of the arogenate dehydrogenase gene may be the first indication of the genes respsonsible 
for the biosynthesis of other MAAs within Subsection V cyanobacteria. Analysis of sesquiterpene 
gene clusters from five Subsection V cyanobacterial genomes revealed the absence of a gene encoding 
cytochrome p450s, and the presence of a hypothetical protein related to FAD-dependent 
oxidoreductases, suggesting different sesquiterpenes may be encoded within these gene clusters. 
Genome mining for squalene biosynthetic gene clusters identified the presence of a hopene-associated 
glycosyltransferase within three Subsection V cyanobacterial genomes, suggesting different moieties 
may be biosynthesised on squalene structures. Analysis of bacteriocin biosynthetic gene clusters led to 
the identification of M41 peptidase domains, encoding membrane-anchored ATP-dependent 
peptidases, suggesting new cleavage sites may be present within precursor peptides, leading to the 
biosynthesis of alternative bacteriocin structures. However, the effect of many of these genes within 
the biosynthetic gene cluster on the encoded natural product remains elusive.   
The identification and analysis of the RiPPs class of natural product gene clusters from the 
Subsection V cyanobacterial genomes revealed novel cyanobactins and microviridins are encoded 
within the genomes of W. intricata UH strain HT-29-1 and Fischerella sp. PCC 9339, respectively. 
Whilst the genes present within the cyanobactin and microviridin gene clusters are known, novel 
compounds are encoded within the precursor peptide sequence. The cyanobactin gene cluster from W. 
intricata UH strain HT-29-1 encoded two novel cyanobactins, which are likely prenylated and contain 
heterocyclised cysteine residues. The microviridin gene cluster from Fischerella sp. PCC 9339 
appears to be novel, however, the gene cluster may be non-functional due to the presence of a 
truncated form of the mdnB homolog. The identification of bacteriocin biosynthetic gene clusters from 
all 13 analysed Subsection V cyanobacterial genomes highlights the widespread occurrence of this 
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class of RiPPs. The potential of cyanobacteria to biosynthesise terpene natural products, including 
geosmin and sesquiterpene, was demonstrated through genome mining.  
There are a number of bioinformatic limitations that make it difficult to predict the final structure 
of an encoded natural product. A large number of NRPS/PKS biosynthetic gene clusters from the 
Subsection V cyanobacteria encode an initiation module with an AS domain for selection and 
activation of a fatty acid. However, the length of the fatty acid substrate selected by the AS domain is 
currently unable to be determined. A number of NRPS/PKS biosynthetic gene clusters identified from 
the Subsection V cyanobacterial genomes also contained auxiliary genes encoding enzymes which 
have typically not been identified within these genes clusters, including dioxygenases and 
glycosyltransferases. The effect on these enzymes on the encoded natural product is often difficult to 
predict, hindering the identification of the natural product within cyanobacterial extracts. Another 
difficulty in analysing NRPS biosynthetic gene clusters from Subsection V cyanobacterial genomes 
was the low sequence similarity of the A domain binding pocket to known amino acids. This is due to 
the limited number of characterised cyanobacterial NRPS A domains within the databases used for A 
domain substrate prediction. An increase in the number of characterised cyanobacterial NRPS A 
domains will aid in the structural prediction of the encoded natural product, which will assist in the 
determination of the encoded natural product through peptidogenomics (Kersten et al., 2011). Another 
difficulty which was encountered was that the majority of putative precursor genes of bacteriocin gene 
clusters were unable to be identified using antiSMASH. Additional manual BLAST analysis was 
required to putatively identify a range of precursor genes.  
 
6.1.2 Identification and characterisation of the hpi, amb and wel gene cluster 
reveals insights into the biosynthesis of the hapalindole family of 
natural products  
The hapalindole family of natural products is an interesting group of compounds, both structurally 
and in terms of their bioactivities. Genome mining led to the identification of the hpi/amb/wel gene 
clusters from seven Subsection V cyanobacterial genomes in this study, from cyanobacteria known to 
produce members of this family of natural products, and from cyanobacteria for which their metabolic 
profile has not been previously determined, and thus were previously unknown producers of the 
hapalindole family of natural products. Phylogenetic analysis of Subsection V cyanobacteria known to 
produce members of the hapalindole family of natural products and those which encode the 
hpi/amb/wel gene clusters suggests the gene cluster was inherited vertically, rather than horizontally, 
to each descant strain. This vertical pattern of inheritance is rarely observed within cyanobacteria.    
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The genes encoding the proposed substrates for hapalindole biosynthesis, specifically tryptophan, 
IPP and DMAPP, were identified as core genes present within all the hpi/amb/wel gene clusters. 
Functional characterisation of specific core enzymes encoded with the hpi/amb/wel gene clusters 
confirmed which genes were required for biosynthesis of the proposed substrates. Characterisation of 
I1-3 confirmed only I1 and I3 were required for isonitrile biosynthesis, as AmbI2 was functionally-
redundant in vitro (Hillwig et al., 2013). The identification of P2 within each of the hpi/amb/wel gene 
clusters suggested P2 encoded a GPP synthase, and enzymatic characterisation of WelP2 and AmbP2 
from the wel and amb gene clusters, respectively, confirmed P2 was responsible for GPP biosynthesis 
(Hillwig et al., 2013, Hillwig et al., 2014).  
The identification of specific genes present within only the hpi, amb or wel gene clusters has 
guided the characterisation of enzymes responsible for ambiguine and welwitindolinone biosynthesis. 
The identification of a gene encoding a prenyltransferase present only within the amb gene cluster 
suggested AmbP3 was responsible for the biosynthesis of the ambiguines from the hapalindoles. 
Characterisation of AmbP3 confirmed the enzyme catalysed the biosynthesis of the ambiguines 
through prenylation of hapalindole G (Hillwig et al., 2013). The identification of a gene encoding a 
methyltransferase present only within the wel gene cluster confirmed the gene cluster was responsible 
for welwitindolinone biosynthesis. WelM1 was identified to catalyse the methylation of 
welwitindolinone C to biosynthesise N-methylwelwitindolinone C isothiocyanate (Hillwig et al., 
2014).          
Characterisation of the enzymes involved in the early stages of hapalindole biosynthesis also 
revealed differences from the previously proposed biosynthetic pathway (Stratmann et al., 1994b). In 
the proposed pathway for hapalindole biosynthesis, GPP was proposed to be converted to β-ocimene 
(Stratmann et al., 1994b), however, characterisation of P1 from amb and wel gene clusters failed to 
catalyse this reaction. Based on these observations, the proposed biosynthetic pathway has been 
revised to suggest GPP and indole-isonitrile to be directly utilised as substrates for hapalindole 
biosynthesis (Hillwig et al., 2014). However, in this study, a biochemical assay using WelP1 from W. 
intricata UH strain HT-29-1 was incubated with GPP and cis and trans isoforms of indole-isonitrile, 
however, no product was observed via LC-MS.  
Characterisation of the wel gene cluster has also led to the identification of enzymes catalysing new 
biochemical reactions. WelO5 (corresponding to WelO15 from W. intricata UH strain HT-29-1 and H. 
welwitschii UH strain IC-52-3) has been identified a non-heme iron enzyme capable of chlorination of 
an aliphatic carbon on a free-standing molecule in the biosynthesis of the hapalindoles and 
fischerindoles (Hillwig and Liu, 2014). Due to difficulties in sequencing the genes encoding Rieske 
oxygenases within the wel gene cluster from W. intricata UH strain HT-29-1 and H. welwitschii UH 
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strain IC-52-3 by whole genome sequencing, WelO15 was not originally identified as part of the wel 
gene cluster. Thus, WelH was initially identified as the most likely enzyme capable for catalysing the 
chlorination reaction at the time. This highlights the limitations of genome sequencing and the 
identification of whole gene clusters by genome mining. The identification of the hpi/amb/wel gene 
clusters has provided a genetic framework for enzymatic characterisation to elucidate the complex 
biosynthetic pathway to the hapalindole-type natural products. The enzymatic characterisation of 
WelH revealed the enzyme wasn’t responsible for the chlorination reaction, and thus is likely not part 
of the wel gene cluster. WelH displayed sequence similarity to FADH2-dependent halogenases which 
catalyse the chlorination of tryptophan, however, biochemical assays revealed WelH was unable to 
catalyse this reaction. The possibility remains that WelH may catalyse another biosynthetic reaction, 
which was unable to be determined in this study.  
 
6.1.3 Characterisation of the mys gene cluster through RT-qPCR revealed 
expression is induced by UV radiation in W. intricata UH strain HT-29-1  
The ability of cyanobacteria to biosynthesise MAAs for protection against UV radiation is 
extremely important for their survival. MAAs prevent three out of every ten photons from hitting 
cytoplasmic targets, and dissipate adsorbed radiation as heat, without the production of ROS (Garcia-
Pichel et al., 1993, Conde et al., 2007). Within cyanobacteria, the biosynthesis of a range of MAAs is 
induced by UV radiation, including mycosporine-glycine, shinorine, palythine, asterina, M-312, M-
307, M-335 and porphyra-334 (Portwich and Garcia-Pichel, 1999, Singh et al., 2008b, Singh et al., 
2008c, Sinha et al., 1999, Singh et al., 2013, Sinha et al., 2001, Sinha et al., 2003b, Rastogi and 
Incharoensakdi, 2014a, Rastogi and Incharoensakdi, 2014b, Rastogi et al., 2014). RT-qPCR analysis 
of the W. intricata UH strain HT-29-1 mys gene cluster revealed expression is increased under 
exposure to both UV-B and UV-A radiation, although a more pronounced effect was observed under 
UV-B stress. Two genes were used to measure the expression within the mys gene cluster, specifically 
HT291_02283 (encoding 3-DHQS) and HT291_02286 (encoding NRPS-like enzyme), using pepC as 
the reference gene. Under UV-B stress, expression of HT291_02283 and HT291_02286 increased 5.8 
and 4.53 fold, respectively, whilst under UV-A stress, expression of HT291_02283 and HT291_02286 
increased 2.36 and 1.13 fold, respectively. This is the first report of up-regulation of a mys gene cluster 
under UV-B stress using RT-qPCR. The increase in transcription of the mys gene cluster under UV-B 
stress suggests MAAs may have a UV protection role in W. intricata UH strain HT-29-1.   
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6.1.3.1 Arogenate dehydrogenase is co-transcribed as part of the mys gene cluster in W. 
intricata UH strain HT-29-1  
Transcriptional analysis of the W. intricata UH strain HT-29-1 mys gene cluster revealed all five 
genes (encoding 3-DHQS homolog, O-MT enzyme, an ATP-grasp enzyme, an NRPS-like enzyme and 
an arogenate dehydrogenase) are co-transcribed on a single transcript. This is the first report of the 
four genes encoding shinorine biosynthesis co-transcribed in cyanobacteria, and the first report of an 
additional gene co-transcribed as part of the mys gene cluster. Mutational studies on the mys gene 
cluster in M. aeruginosa PCC 7806 revealed mutations of mysA and mysB resulted in termination of 
the entire mys gene cluster, however, this was determined by RT-PCR of each individual gene in the 
gene cluster, rather than co-transcription of the gene cluster (Hu et al., 2014). Additional genes have 
been identified downstream of the mys gene cluster in other cyanobacteria. In M. aeruginosa PCC 
7806, a putative FAD dependent oxidoreductase was identified, and regulatory elements have been 
identified in Anabaena and Nostoc, however, co-transcription analysis has not been performed to 
determine if the genes are expressed as part of the mys gene cluster (Hu et al., 2014).  
The identification of a gene encoding an arogenate dehydrogenase within the W. intricata UH 
strain HT-29-1 mys gene cluster suggests the encoded enzyme is either involved in regulation of the 
biosynthesis of shinorine or catalyses the biosynthesis of another MAA from shinorine. In 
cyanobacteria, arogenate dehydrogenases catalyse the biosynthesis of tyrosine (Legrand et al., 2006), 
which is known to inhibit the biosynthesis of MAAs in cyanobacteria (Portwich and Garcia-Pichel, 
2003). Inhibition is proposed to occur via feedback inhibition of the shikimate pathway. MAA 
biosynthesis has been shown to proceed from the pentose phosphate pathway in A. variabilis ATCC 
29413 and N. punctiforme ATCC 29133 (Balskus and Walsh, 2010), however, it was recently 
demonstrated that the shikimate pathway could also be utilised, and is the predominate pathway for 
MAA biosynthesis in A. variabilis ATCC 2941 (Pope et al., 2015). Thus, HT291_02287 (encoding an 
arogenate dehydrogenase) may be involved in the regulation of MAA biosynthesis through feedback 
inhibition if intermediates from the shikimate pathway are utilised for biosynthesis. The other 
possibility is that HT291_02287 encodes an enzyme responsible for the biosynthesis of another MAA 
from shinorine. Over 20 MAAs have been identified from cyanobacteria, however, only the 
biosynthesis of shinorine has been characterised, and the biosynthesis of the remaining MAAs has 
only been proposed. Therefore, as HT291_02287 is co-transcribed as part of the mys gene cluster, the 
encoded enzyme may catalyse the biosynthesis of another MAA from shinorine.  
6.1.3.2 Validation of reference genes for RT-qPCR under UV-A and UV-B radiation from 
W. intricata UH strain HT-29-1  
The selection of suitable reference genes is critical for RT-qPCR analysis, and validation is critical 
to prevent biased expression profiles (Pinto et al., 2012). This study was the first validation of 
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reference genes for RT-qPCR from Subsection V cyanobacteria, and only the third specific study on 
validation of reference genes from cyanobacteria (Pinto et al., 2012, Szekeres et al., 2014). The 
candidate reference genes were analysed for gene expression stability using two different algorithms, 
specifically BestKeeper (Pfaffl et al., 2004) and NormFinder (Andersen et al., 2004). Under UV-A 
stress, all six reference genes were considered to be stably expressed, with trpA and mrp ranked as the 
most stable genes. However, under UV-B stress, all six reference genes were considered to be 
unstable. pepC was ranked as the most stable gene using both algorithms, and thus was used as the 
reference gene for both UV-A and UV-B analysis. The difficulty in selecting a suitable reference gene 
for RT-qPCR is a gene considered to be stable in one cyanobacterium may not be stable under the 
same conditions in another cyanobacterial strain. Whilst pepC was considered to be one of the most 
stable genes under UV-B stress in Synecococcus sp. PCC 7002 (Szekeres et al., 2014), in W. intricata 
UH strain HT-29-1, pepC was considered to be unstable. Thus, these results highlight the need to 
validate reference genes in individual strains of cyanobacterial under each environmental condition 
tested. This study was also the first analysis of mrp as a reference gene in cyanobacteria under UV-A 
and UV-B stress. mrp was considered to be stable under UV-A stress, and thus may be used as a 
potential candidate reference gene for cyanobacteria under UV-A stress.   
 
6.2 FUTURE WORK 
The identification of biosynthetic gene clusters from all known classes of natural products from 
Subsection V cyanobacterial genomes has provided a platform for the characterisation of these gene 
clusters. These gene clusters represent an untapped resource of compounds with potentially novel 
bioactivities. There are a range of genes which have been identified within the Subsection V 
cyanobacterial genomes which have the potential to be characterised. These include genes encoding 
fatty acid desaturases, dioxygenases and glycosyltransferases within orphan NRPS/PKS gene clusters, 
genes encoding cytochrome p450s and hypothetical protein related to FAD-dependent oxidoreductases 
within sesquiterpene gene clusters, genes encoding hopene-associated glycosyltransferases in squalene 
biosynthetic gene clusters and M41 peptidase domains within bacteriocin biosynthetic gene clusters. 
Characterisation of these genes from each specific gene cluster will determine the effect, if any, on the 
structure of the encoded natural product and will add to the genetic engineers toolkit, potentially 
providing novel chemical functionality. Additionally, as the majority of bacteriocin precursor genes 
required manual analysis for identification, future characterisation of bacteriocin precursor genes, and 
subsequent inclusion of the precursor genes within the antiSMASH database, will aid in the 
identification and prediction of the encoded bacteriocin natural product. 
 CHAPTER 6: GENERAL DISCUSSION AND FUTURE DIRECTIONS  222 
Characterisation of biosynthetic gene clusters for known metabolites can also be beneficial. Future 
characterisation of the hap gene cluster may lead to the identification of novel metabolites with 
increased bioactivity. For example, expression of the M. producens barbamide gene cluster in S. 
venezuelae DHS2001 led to the identification of 4-O-demethylbarbamide, which displayed increased 
bioactivity as a molluscicidal agent compared to barbamide (Kim et al., 2012a).  
Furthermore, additional comparative analysis with genomes from other cyanobacterial subsections, 
such as Subsection IV, may lead to the identification of subsection-specific biosynthetic gene clusters, 
or lead to the identification of common biosynthetic gene clusters or specific genes. The identification 
of common biosynthetic gene clusters may provide insight into the evolution of the gene clusters, and 
may aid in the characterisation of the biosynthetic gene cluster.  
Future work involving the characterisation of the early stages of hapalindole biosynthesis includes 
identifying the unknown additional co-factor which may be required for the biosynthesis of the 
isonitrile functional group. The identification of the unknown additional co-factor, which was present 
within E. coli cell lysates of WelI1 and WelI3, may aid in the biosynthesis of additional hapalindole-
type compounds. The cyclisation of GPP may also require an additional co-factor or an additional 
enzyme. A cytochrome p450 has recently been characterised as a terpene cyclase in fungi (Chooi et 
al., 2013), and thus a similar enzyme may be required for hapalindole biosynthesis. Additionally, 
performing computational analysis of the enzymes within the hpi/wel/amb gene clusters may provide a 
deeper mechanistic understanding of the enzymes, and may aid in the identification of additional 
enzymes required for the prenylation of the indole isonitrile.  
Additional analysis of welH may provide further insights into the biosynthesis of the hapalindole-
family of natural products. First, RT-PCR analysis could be performed to determine if welH is co-
transcribed with the other biosynthetic genes within the hpi/wel/amb biosynthetic gene cluster. If 
WelH is co-transcribed as part of the gene cluster, the possibility remains that WelH may be required 
for halogenation of other hapalindole-type analogs. The biosynthetic timing for chlorination may 
differ between the analogs, thus other potential substrates should be tested as substrates to determine 
the biosynthetic function of WelH in hapalindole/welwitindolinone/ambiguine biosynthesis.     
Biochemical characterisation of each of the Rieske oxygenases encoded within the amb and wel 
gene clusters will likely provide a foundation to elucidate the biosynthetic pathway to the ambiguines 
and welwitindolinones. Whole genome sequencing of additional Subsection V cyanobacterial 
genomes will enable additional comparative analysis, and identify candidate genes encoding enzymes 
responsible for catalysing the biosynthesis of other classes within the hapalindole family of natural 
products, such as the fischambiguines, hapalindolinones, hapaloxindoles and fontonamides.  
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Whilst this thesis identified an additional gene co-transcribed as part of the mys biosynthetic gene 
cluster within W. intricata UH strain HT-291, future work would include heterologous expression of 
the entire W. intricata UH strain HT-29-1 mys gene cluster in another bacterial host, such as E. coli or 
S. venezuelae, to determine if HT291_02287 catalyses the biosynthesis of another MAA. The success 
of heterologous expression of the barbamide gene cluster in S. venezuelae (Kim et al., 2012a) and 
lyngbyatoxin in E. coli (Ongley et al., 2013) suggests expression of whole gene clusters is a possible 
method to determine the biosynthetic function of the co-transcibed arogenate dehydrogenase. This 
may lead to the identification of a new MAA or determine the biosynthetic pathway to a known MAA.  
Other stress conditions, such as osmotic stress, media, amino acids, and compounds such as 
ammonium, magnesium sulphate and sulphur have impacted on the biosynthesis of MAAs in other 
cyanobacteria. These stress conditions could be examined on the expression of the mys gene cluster in 
W. intricata UH strain HT-29-1. This would aid in understanding the role and regulation of MAAs 
within W. intricata UH strain HT-29-1. 
As a suitable reference reference gene for RT-qPCR analysis under UV-B stress in W. intricata UH 
strain HT-29-1 was unable to be identified in this thesis, future work should aim to identify a suitable 
gene. Potential candidate reference genes for future analysis include rnpB, secA and 16S rRNA genes, 
which have previously been used as reference genes in cyanobacteria (Cadoret et al., 2005, Cheregi et 
al., 2007, Szekeres et al., 2014). Once a suitable reference gene has been identified, expression of the 
mys gene cluster from W. intricata UH strain HT-29-1 can be compared to the expression of the mys 
gene cluster from other cyanobacterial strains. Comparative analysis of the expression of the mys gene 
cluster under UV-A and UV-B stress from other Subsection V cyanobacterial strains, and from other 
subsections, can be performed to increase the knowledge of the regulation of MAAs within 
cyanobacteria.  
6.3 FINAL CONCLUSIONS 
This thesis highlights the importance of genome mining to reveal the secondary metabolite 
potential of the Subsection V cyanobacteria. Genome mining identified gene clusters for known 
metabolites and identified the diversity of natural products from a range of classes potentially 
produced from Subsection V cyanobacteria. A range of new genes were identified within biosynthetic 
gene clusters, which potentially encode enzymes capable of catalysing new biochemical reactions, and 
future studies should focus on characterising these enzymes. Comparative analysis of the hpi, amb and 
wel gene clusters from seven Subsection V cyanobacterial genomes provided a genetic framework to 
guide the enzymatic characterisation of the early stages of hapalindole biosynthesis. Characterisation 
of the mys gene cluster from W. intricata UH strain HT-29-1 through RT-qPCR revealed expression is 
increased under UV-A and UV-B stress. Furthermore, co-transcription analysis of the mys gene cluster 
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provided the first confirmation of an additional gene co-transcribed as part of the gene cluster, and 
should be used as a starting point for future characterisation studies to determine if the encoded 
enzyme is involved in regulation or biosynthesis of a new MAA. The end goal of this work was to 
further the overall knowledge of secondary metabolite biosynthesis of the Subsection V cyanobacteria.  
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